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Abstract:
The multifaceted pathophysiology of diabetic wounds coupled with impaired diabetic wound
healing remains a significant challenge for the medical community in the 21st century. Possibility
of bacterial infections, insufficient vascular supply, increment in levels of oxidative stress, and
abnormalities in defenses mechanism of antioxidant causes diabetic foot ulcers (DFU) that leads to
significant morbidity. An effective treatment for diabetic wounds is still lacking. Chronic wounds
are taking epidemic proportions, leading to an increased interest in exploring novel therapies
to meet the challenges. Evaluating the progression in diabetic ulcers poses a major threat for
the patients and clinician owing to logistics as irregular visits to the clinics. Unique properties
of nanoparticles contain ultra-small size, increased surface-to-volume ratio, low cytotoxicity,
enhanced cellular uptake, improved antibacterial activity, biocompatibility and biodegradability
making their applications attractive against DFUs. Their potential for healing can be due to their
superior antioxidant and anti-inflammatory activities. Further, nanoparticles are effective delivery
vehicles for various small molecules, exosomes, metallic molecules, or conjugated with numerous
biomaterials- chitosan (CS), hyaluronic acid (HA) and smart hydrogels (HG) to enhance their
healing efficacy against diabetic wounds. This review focuses on the futuristic and potential
viewpoints of nanoparticles for the therapeutics of diabetic wounds/DFUs. Artificial intelligence
(AI) tools and optical sensors can further contribute effectively for the monitoring procedures.
Software based on AI technology plays crucial role in assessment and provide continuous care
throughout the treatment. AI also helps to connect healthcare experts with larger number of
patients at the same time. Nanotherapeutics represents a promising innovative strategy for targeted
treatment that can change the landscape of wound healing, by providing a physiologically stable
micro-environment for the thorough wound-healing process.
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1. Introduction
Diabetic foot ulcers (DFUs) have multifactorial etiologic
and key complexity in uncontrolled Diabetes mellitus (DM)
cases that are associated with morbidity and mortality [1].
Globally, over 400 million people are suffering from DM,
a multifaceted metabolic disorder that has a major burden

on health care systems [2]. The complications occur largely
due to the inadequate glycaemic control, poor foot care,
peripheral vascular disease, or chronicity caused by delayed
or non-curated diabetic wounds, primarily the minor ex-
tremities referred to as diabetic foot ulcer (DFU), that gets
worsened and cause 15− 25% of the diabetic patients to
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opt for amputation and subsequent disability during their
lifetimes [3, 4]. The risk of developing DFU in diabetic
patients is 15% in their lifetime and approximately 85% of
limb amputation maybe due to non-healing ulcers. External
infections that enter the body due to the comprised integrity
of the skin may lead to structural deformities, wherever
skin acts as a protective shell that avoids the invasion often
causes unhealed and gangrenous wounds [5].
To understand the complexity of healing process, the normal
physiological phenomenon that encompasses a cascade of
intricate cellular and biomolecular cross-talks is necessary.
Repairing of wound is a natural, yet complex biological
process and involves four classical phases: haemostasis,
inflammation, proliferation, and remodelling with a vibrant
interplay of various cells, cytokines, and the extracellular
matrix (ECM). The key requirement for wound management
is the swift and complete healing without any infection or
spread of infection leading to sepsis followed by the se-
quential processes that help in the closure of wound [6]. In
healthy individuals the entire process occurs at an ideal rate.
Even acute wounds normally heal without any problem. The
foremost and most relatable worry includes stage of devel-
opment related variations in usual physiological functions
such as obesity, slowed blood circulation, environmental
stress, and diseases like diabetes [3, 6].
Delayed wound healing mechanism is multifactorial in na-
ture, which involves prolonged inflammatory stage and post-
poned proliferation followed by remodelling steps. DeClue
and Shornic reported the release of pro-inflammatory cy-
tokines (e.g., TNF-α , IL-6, and IL-1β ) that involves di-
abetic wound healing [7]. Qiu et al. [8] suggested that

diabetic patients having high blood glucose levels causes
restricted cell proliferation and indicate a decline in growth
factors and collagen during the healing process [8]. Another
important parameter for delayed wound healing maybe re-
duced angiogenesis having low transforming growth fac-
tor beta (TGF-β ) and vascular endothelial growth factor
(VEGF) growth factors [9]. This can be very challenging to
heal due to impaired regeneration of the tissue and compro-
mised immune responses as shown in (Fig. 1) [7, 9].
The advent of nanotechnology has revolutionized the medi-
cal applications that promise efficacy, safety, and prolonged
circulation and targeted delivery. Nanomaterials such as
Gold, Silver, Zinc exhibit strong antimicrobial properties
that can be incorporated into wound dressing materials to
accelerate wound healing, or applied to medical devices to
enhance their biocompatibility and antimicrobial activity
[10].
Generally, AI technology implementation has improved
over the years which ameliorate healthcare facilities. In
1970, AI contributed towards the medical sector primarily
in health related issues indicating improved and promising
results [11]. Diabetic wound cases and their assessment
has also been made easier by AI based solutions, as it may
help in early-stage detection and reducing morbidity and
amputation in various cases thereby giving satisfactory re-
sults. Deep learning about AI helps to reduce known and
unknown risk factors associated with wounds. More focus
and attention in this research area with collaboration of clin-
ical practitioners and researchers will bridge the gap giving
faster healing strategies [12].
This review aims to focus on the fundamentals of acute and

Figure 1. Factors affecting Diabetic wound healing.
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chronic healing of wound, with a nanotherapeutic approach
which will make it feasible for patients to get the better
and cost-effective treatments. For remote monitoring, the
patients are required to send the photographs of the ulcer-
s/wounds electronically to the professionals’ in-charge of
diabetic care. This helps to avoid patient transport to clin-
ics that further helps to reduce the pressures on the clinics.
Over the past years it has been observed that an avalanche
of artificial intelligence-based technologies being developed
for improvement in the remote observation of DFU with the
help of mobile apps. It is predicted to make a vast influence
on care of diabetogenic wounds. It is important to discuss
and further understand the wounds to be able to compile
evidences.

2. Acute and chronic wound healing
Wound healing is an extremely complicated process that
includes an interplay of various growth factors (GF), cy-
tokines and extracellular matrix (ECM) in different types
of cells. Wound healing includes sequential processes like
homeostasis, inflammation, cell movement and prolifer-
ation followed by wound compression and remodelling
[13]. Trauma in the superficial layer of skin further re-
sults in bleeding, which is considered as he ‘wound’ [14].
Homeostasis is the initial process in wound healing that
involves blood coagulation resulting in stopping of bleeding
at the injury site. The first line of defence at the wound
site are platelets and neutrophils; various growth factors
like platelets derived growth factor (PDGF), endothelial
growth factor (EGF), TGF-β and fibroblast growth factor
(FGF) are released leading to the onset of inflammation
[15, 16]. The secreted pro-inflammatory molecules and in-
flammatory mediators including histamine, prostaglandins,
and migration of immune cells will permeate at the injury
site [17]. Macrophages secrete TGF-β , VEGF, and FGF to
promote angiogenesis. They also produce tumour necrosis
factor alpha (TNF-α) that breaks down the necrotic tissue
and promotes the development of fibroblasts to accumulate

collagen which helps in granulation of tissue. Neutrophils
help fight the microbial infections [18]. Shrinking of wound
or closure begins within two weeks after a deep dermal
wound. Alpha smooth muscle actin (αSMA) is a compo-
nent of cytoskeleton that plays a very important part in
closing of the wound i.e. when the fibroblasts differentiate
into myofibroblasts. Tissue granulation, keratinocyte migra-
tion further helps to recover by initiation of new layers of
tissue that helps in the formation of epidermis at the injury
site [19]. The last phase of the healing is the remodelling
phase where the granulation of tissue is accompanied by
the replacement of ECM with type 1 collagen via mediators
like PDGF and TGF-β [20]. In diabetic wounds, inflamma-
tory macrophages occupy the wound site in large numbers
when compared to the numbers at a regular wound healing
site. These macrophages generate more TNF-α and IL-6,
and pro-inflammatory cytokines increase the ROS levels,
resulting in prolonged inflammation. It also stimulates pro-
liferative factors for effective wound healing. However, the
ineffective efferocytosis (apoptosis of phagocytic cells) of
macrophages maybe associated with the load of apoptotic
cells as it disrupts the common cytokine cascade. The un-
usual death of fibroblasts and keratinocytes may be accom-
panied by reduction in angiogenesis, if the ratio of matrix
metalloproteinase-9 (MMP-9), pro-inflammatory cytokines
(IL-1 and TNF-α) gets enhanced, while the ratio of anti-
inflammatory signals (CD206, TGF-β , IGF-1, and IL-10
may be reduced as depicted in (Fig. 2) [21–24]. Fig. 2
schematically represents the difference in the healing pro-
cess between normal wound vs diabetic wound.
Diabetic wound healing is impaired as the differentiation
of fibroblast into myofibroblast is not sequential. There
is reduced mechanical tension in ECM due to the absence
of alpha-SMA that further hinders the proper healing of
the wound. Protease increment not only helps the tissue to
reconstruct rapidly, allows degradation of the ECM, colla-
gen and growth factor that are essential for efficient wound
healing [25, 26].

Figure 2. Structural representation of (a) normal (b) diabetic wound healing.
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3. Clinical pathology of diabetogenic wounds
DFUs are open wounds having a circular outline, mainly
formed at the bottom of the foot surface and often proceed
by a haemorrhagic sub-epidermal blister. The nearby tissue
area appears dark, and often becomes gangrenous. Since
foot ulcers are painless, they are mostly neglected causing
sufficient delays in visiting health professionals [27].

4. Conventional wound dressings and their
limitations

Conventional wound dressings are fabricated from natural
materials that are often used to treat the wounds. The choice
of suitable dressings for healing of wound is highly individ-
ualised based on the wound size, its type, the quantity of
exudation, the infection risk, and other considerations [28].
Many wound dressings work to create a moist and suitable
environment that impedes the process of healing. Currently,
a variety of materials for bandages are available, including,
foam or film, ointments, hydrogels, antibacterial creams,
and polymers combined with antibacterial compound that
are still in use. The addition of bioactive compounds with
an antiseptic wound dressing has recently gained attention
for efficient therapies. For chronic wounds, using bioactive
chemicals in dressings used as wound material has been
successful. The integrated bioactive chemicals released at
the wound site may interact with the enzymes released by
the hydrolysate activity in the exudates or from the wound
fluid [28, 29]. The bioactive components in the dressings
can also be released by several additional techniques, in-
cluding diffusion, swelling, and hydration. If the absorption
by the wound exudates is fast, the bioactive chemicals in
the dressings will have minimal effects. Despite the variety
of wound dressings available commercially, none can be
categorised as most suitable for DFUs [30].

5. Advancement in therapies of chronic wound
healing

Acute and mild medical case studies can be treated using
conventional treatment strategies whereas chronic wounds
and those appearing as consequent metabolic disorder com-
plications need rigorous pharmaceutical attention and phar-
macotherapy [31]. The ulcerations and complications of
chronic wounds led to the let-down of former conventional
treatments and this steered the advent of nanotechnology
related therapeutic interventions to manage the complex
diabetic wounds [32]. Nanotherapeutics enables prolonged
bio-availability of the desired molecule at the site of wound,
may accelerate the healing process, and helps to circumvent
secondary complications thereby improving patient compli-
ance [31, 32]. Further, wound healing approaches based on
nanotechnology presents distinct advantages that include
suitability for topical drug delivery, sustained/ controlled re-
lease of encapsulated drugs, cell specificity, and prolonged
circulation till the wound heals. Nanotherapeutics is ideal
for wound healing especially for topical delivery that facili-
tates improved connections with the biological target with
enhanced infiltration at the site of wound [33]. Nanopar-
ticles have emerged as a scientific and technological revo-
lution in the management of DFUs, making major contri-
butions to pharmaceutical applications offering improved
strategies for the treatment of DFUs [20, 34]. Outstand-
ing features like minimal in-vivo toxicity, bacteriostatic,
and bactericidal activity have been demonstrated by metal-
lic nanoparticles including silver, gold, and zinc etc [32].
This review discusses the potential of nanoparticles such as
peptide, polymeric, metallic, non-metallic, lipid, inorganic,
siRNA-based and nanofibrous structures currently in use
for the management of DFUs [33] (Fig. 3).

Figure 3. Different nanoparticles used for therapeutics of chronic wound healing.
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5.1 Peptide nanoparticles

Peptide-based nanoparticles are emerging as self-assembled
scaffolds are functionally adjusted to improve their inter-
action with different tissues and cells, possesses similar
properties as natural ECM. Peptide nanostructures are use-
ful to study cell signalling that has been used for biological
therapies [35]. Peptide hydrogels are smart materials that
are biocompatible and cyto-compatible in mammalian cells
[36]. Synthesized peptides also fold into fibrils turning
them into hydrogels that can be activated in cell culture
conditions [37]. Literature suggests that peptide hydrogels
trigger the division of liver progenitor cells into hepatocytes
causing improved cell attachment, leading to significant
regeneration of liver tissues along with improved cellular
micro-environment that facilitates prolonged survival of
the endothelial cells [37, 38]. Peptide Amphiphile (PA)
systems specifically improve the scaffolds. For instance,
the Arg-Gly-Asp-Ser (RGDS) cell adhesion epitope was
synthesized and associated with PA. The RGDS bound PA
stimulates growth of enamel-containing epithelial cells and
the bone marrow mononuclear cells. Alternatively, absence
of RGDS motif in the control group results in reduction of
single-nuclear cells in the bone marrow [39]. Reports on PA
inserted into a cell adhesion epitope displayed a progressive
cell-responsive matrix formation for enhanced proliferation
of dental stem cell [40]. Several hyaluronic acids were re-
portedly combined to produce a sealed pouch encapsulating
the human mesenchymal stem cells (MSCs) that could be
utilised to transport the MSCs to specific areas for regenera-
tion of tissues [41]. A self-assembled conjugated peptide
has shown support for regeneration of chondrocyte and sig-
nificant recovery in cases of bone injury [42]. The reported
peptide nanoparticles were non-immunogenic and did not
cause the graft rejection when implanted for wound healing
[43, 44].

5.2 Polymeric nanoparticles

Mostly polymers are biomaterials that are frequently used
for making vascular grafts, implanted devices, coatings
for healthcare devices, and surgical instruments [45]. Un-
like hyaluronic acid, DNA, collagen, and gelatin are natu-
ral polymers. Synthetic polymers include), polysiloxanes,
polyvinyl chloride (PVC), polytetrafluoroethylene (PTFE),
polyethylene (PE), polymethyl methacrylate (PMMA),
polystyrene (PS), polypropylene (PP) and polyamides (ny-
lon) that have been applied for wound healing applications
[46, 47]. Natural polymers are preferred as they provide
flexibility to produce a wide variety of dressing materials.
For vascular grafts, scaffold making, biological transporters,
and surgical sutures, synthetic polymeric nanostructures are
in use [48]. Natural polymers have low cost and a longer
life span in comparison to biological scaffolds. Several sci-
entific reports on rat models suggest that natural polymers
indirectly increase the cellular proliferation by efficiently
stimulating re-epithelization and angiogenesis at wound
site [49]. Gelatin, derived from collagen has been used
significantly to make biodegradable and biocompatible ma-
terials for dressing of wound. Powel and Boyce showed that
the permeability and inter-fibre layout of a gelatin scaffold

played main role in regeneration of skin cells [50].

5.3 Metallic nanoparticles
Metallic nanoparticles are attractive as they remain stable
for long periods, can be easily modified for specific tar-
geting, and hence can be best applied for chronic wound
management.

5.3.1 Zinc oxide (ZnO)
ZnO is one of the most stable inorganic antibacterial agents
with a long-lifespan and is crucial for healing of wound,
particularly impaired wounds and burns. ZnO nanoparticles
are commonly used in cosmetics, skin creams, and oint-
ments because they have anti-inflammatory, antibacterial
and antiseptic properties [51, 52]. The antibacterial activity
was increased when ZnO was embedded in chitosan-based
hydrogel, making it a superior dressing for wounds [53].
ZnO nanoformulations are effective at lower doses as they
may have a biocompatible polymer coating as release of Zn
ions from ZnO is in a biphasic manner having dual effects.
When the Zn ions encounter the biological fluid, it quickly
hydrates to make hydrated that ZnO that possesses bacte-
ricidal activities [54]. Additionally, Zn being a cofactor
often used for metalloproteinases and subsequent genera-
tion of ECM can be easily absorbed. Further, Zn controls
the migration of keratinocyte and auto-phagocytosis that is
an essential component for wound healing [53, 54].

5.3.2 Silver (Ag)
Ag can also be used to treat wound ulcers and infections
owing to its bactericidal nature. Silver nitrate (AgNO3) is
commonly used for treatments of non-healing wounds along
with several new variants of silver that are commercially
available as wound dressings [62, 63]. Minimal adverse
effects have been reported regarding dressings and ban-
dages coated with silver nanoparticles (AgNPs) [64]. When
collagen combines with AgNPs, it makes an ideal mate-
rial for wound dressings possessing antibacterial properties
[65]. AgNPs are generally used as constituents in prepa-
ration of burn ointments, wound bandages for ulcer, and
few healthcare products as they can effectively eliminate
bacteria, fungus, protozoa, and even viruses [58, 59, 66].
AgNPs efficiently disrupt the quorum sensing and inhibit
the production of biofilms and helps in detoxification of bac-
terial toxins [56, 67]. In-vivo studies indicate that AgNPs
are oxidised into silver ions due to acidic environment that
can damage the cell wall, prevent adenosine triphosphate
(ATP) production that results in ROS production causing
DNA damage [57, 68]. AgNPs therapy drastically decreases
the levels of oxidative stress and inhibits the release of in-
flammatory cytokines. Further, in-vitro investigation using
cutaneous fibroblasts and human keratinocytes to facilitate
wound healing have also been reported [69]. While var-
ious studies on mice model with burn wounds indicated
that a topical treatment of AgNPs reduced the neutrophil
counts and levels of interleukin (IL)-6, and simultaneous
rise in levels of TGF-β , IFN-γ , VEGF and IL-10 levels. Ag-
NPs initially adhere on the cell membrane of bacteria and
are internalized by the cells, hence they interact with pro-
teins and DNA that contain phosphorus and sulphur groups
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[70]. When AgNPs penetrate the bacterial cells, Ag ions
are released inside the bacterial cell displaying improved
bactericidal activity by targeting the respiratory chain that
may disrupt the cellular processes leading to cell death [71].
In in-vivo models, AgNPs have been reported to increase
re-epithelization, decrease lymphocyte infiltration, and re-
duce the inflammation in normal wounds by regulating the
release of pro-inflammatory cytokines [72].

5.3.3 Gold (Au)
AuNPs have been used for drug delivery and tissue regener-
ation and wound healing process. It AuNPs are preferred as
safe indicating effective results for study on wound healing
in comparison to the usage of collagen, gelatin, and chitosan
[73, 74]. Unlike silver, AuNPs per se do not possess any
antibacterial properties. Without altering the structure of
collagen, AuNPs can target biomolecules such polysaccha-
rides, peptides, cell adhesion molecules and growth factors.
To enhance the antibacterial activities, AuNPs may be cou-
pled with antibodies that are pathogen specific for photo-
sensitizing molecules using photo dermal therapy (PDT)
[75, 76]. The free radical scavenging capacity of AuNPs can
be improved by making chitosan-AuNPs nanoformulations,
which further increases its biocompatibility. In comparison
to conventional chitosan dressing or Tegaderm chitosan-
AuNPs significantly improves haemostasis, increases ep-
ithelial tissue development which accelerates the healing
rate as reported in a surgical wound model of rat [77]. When
AuNPs penetrate the bacterial cells, they alter the membrane
potential, and in the process inhibits ATP synthase enzyme
which depletes the ATP, ultimately triggering the collapse of
metabolic activities leading to cell death. These are mech-
anisms that are independent of ROS, and can be helpful
in attacking resistant bacteria [78]. Further, regulating the
anti-inflammatory cytokines may trigger angiogenesis and
improve the wound healing process [33].

5.4 Non-Metallic Nanoparticles
5.4.1 Silicon dioxide (SiO2NPs)
SiO2NPs are biocompatible and non-immunogenic [79].
Silica is a readily available raw material, the processing

and preparation techniques are also well established. Non-
porous nanoparticles, silica gel, mesoporous nanoparticles,
and various structures of silica can be created from the
raw silica [80]. The strong physic- chemical adsorption
capability of silica makes them excellent carriers for various
drugs and proteins [81].

5.4.2 Carbon Nanoparticles
Carbon nanoparticles can be broadly classified into carbon
nanotubes, graphene/GO, carbon dots. The structure of car-
bon nanoparticles supports the development of cells and
tissues. Carbon nanotubes resemble collagen fibres and
can impact cell adhesion, proliferation and differentiation
[82]. Surface functionalization of pharmaceuticals, proteins,
and other nanomaterials can be facilitated by the distinctive
base plane structure and shape of graphene [83]. Graphene
nanosheets are advantageous for adhesion and cell growth
as they increase the adsorption capacity having high sur-
face area [55]. Additionally, carbon nanoparticles, carbon
dots, graphene, and carbon nanotubes exhibit enhanced an-
tibacterial activity in several ways that include altering the
charge on surface of the bacteria, penetrating the cell wall
of bacteria causing release of cellular contents [84]. Aslan
et al. reported the development of antibacterial biofilm by
layering together the carbon nanotubes with polypeptides
to kill bacteria rapidly [85]. Table 1 represents the various
nanoparticles and their biological applications.
Table 2 describes the various nanoparticles formulation used
to treat chronic wound healing.

6. Role of Artificial Intelligence (AI) in
monitoring the diabetogenic wounds

Literature survey indicates that development of algorithms
for machine learning should initially involve the detection
of DFUs by photographs of foot taken from different angles.
The additional refinement of machine learning needs to be
developed via incorporating the DFUs classification system
like the real-world. Professionals like Wagner (University
of Texas) used a different kind of classification system of
DFUs for the monitoring and management and SINBAD

Table 1. Tabular representation of various nanoparticles and their biological applications.

Nanoparticles Biological applications References

Gold Wound healing effectively, antibacterial and antioxidant
properties, regeneration of tissue [55]

Silver Antibacterial, accelerates wound healing [56, 57]

Zinc oxide Antibacterial, Re-epithelialization, healing of wound,
anti-inflammatory, and antiseptic properties [58, 59]

Silicon dioxide Biocompatible , healing of wound , anti-oxidant properties [60]

Carbon Cell adhesion, proliferation, and differentiation antibacterial
activity, good biocompatibility [61]

Polymeric Cellular proliferation, re-epithelization, angiogenesis [50]

Peptide Biological therapies, regeneration of cells, biocompatible,
wound healing [38]
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Table 2. Tabular representation of various nanoparticles formulation used to treat chronic wound healing.

Nanoparticles Mode of
study Findings Mechanism of action Ref.

(NO-NP)
Diazeniumdiolate

In-vivo
study

Accelerated wound closure in diabetic mice

Increased blood vessels
formation, fibroblasts
proliferation, reduced
inflammatory cells, and
enhanced collagen production

[86]

PLGA nanoparticles-
incorporated with
rhEGF

In-vivo
study

Accelerates closure of wound, boosted
epithelization

Enhanced fibroblast
proliferation in diabetic rats

[86]

Silver nanoparticles and
bacterial cellulose
nanofiber

In-vitro
study

These nanoparticles possess potent
antibacterial potential against
Staphylococcus aureus, Pseudomonas
aeruginosa, Escherichia coli

Encouraged keratinocyte
development and proliferation

[87]

AuNPs
In-vitro
study

AuNPs have therapeutic applications that
improves the healing when applies topically
at the wound site. Topical usage of AuNPs
to dermal wounds in rats improved healing

Higher collagen fibre content,
increased re-epithelialization,
granulation of tissue formed,
and ECM increment

[60]

AuNPs coupled with
(CrHFC-AuNP)
photosensitizer with
Candida albicans,

In-vitro
study

Topically applied to burn wounds. Wounds
treated with CrHFC-AuNP shows improved
overall healing stages, and downmodulation
in inflammatory phase

Due to more collagen have been
deposited

[60]

Reduced graphene with
Ag-AgCl nanoparticles
(Ag/AgCl/rGO
nanomaterial)

In-vitro
study

Ag/AgCl/rGO shows applications for burn
wounds in mice marked with improved
wound healing by increment in closure of
wound,

More deposition of collagen
fibre, improves
re-epithelialization

[61]

Gelatine-based scaffolds
with epidermal growth
factor

In-vitro
study

Scaffold for topical administration on rat
wounds which shows the early closure of
wound and improves healing of wound

Increased re-epithelialization,
granulation of tissue formed

[88]

(Site, Ischaemia, Neuropathy, Bacterial infection, Area, and
Depth) of DFUs. The listed methodologies are labour in-
tensive and subject to human errors and can surely take
advantage of the automated processes of AI [89].
The complexity in AI-technology requires its incorporation
in daily clinical practice to improve diagnostics and prog-
nostics can be very interesting. The challenges consist of:
(1) significant burden of time involved in data collection in
terms of images of DFUs and to label them appropriately (2)
differences in the intra and inter class differences based on
DFUs classification (3) optimisation is further needed for
the datasets of DFUS (angle of camera at a suitable distance
from foot, image condition and orientation of light) (4) the
alterations in ethnicity, age, foot size of the patients and sex
[90].

6.1 Harnessing the visible spectrum
Visible spectroscopy (VIS) ranges from wavelengths of
λ = 780nm and λ = 380nm. Since the effects are visible
under the light, it helps to identify the wound area or the
contours of the wound to help measure the surface wound
size accurately. Further, van Netten et al [90]. studied that
these optical sensors enable identification among various
deformities in the skin [91, 92]. The digital images can be
acquired and utilized for regular monitoring of the charac-
teristics of the wounds. Wound assessment and monitoring

can be done regularly by digital-coloured images that can be
photographed even using mobile phones and assessing them
by computer applications, hand-held devices to identify the
wound condition [93].

6.2 Remote monitoring of DFU
It is quintessential to understand the non-invasive sensor
technologies especially a) to encourage patients in self-care,
b) to regularly observe the risk related with DFUs, c) for
effective delivery, prevention and monitoring the at high-
risk patients, d) to address the issues related to health care
for the people residing in remote areas [94]. To manage
the diabetic foot remotely, sensor technologies are now be-
ing been used vastly. Photography has become a necessity
since the 1980s; post the invention of digital technology in
1975. Usage of digital cameras for photography has become
extremely popular with every single villager possessing a
smart phone. An easy solution is to collect digital pho-
tos from mobile camera phones. Further, archiving of the
digital photographs of DFUs in computer databases will
ensure a giant rise in monitoring of the patients of DFUs via
various expertises [95]. Till today, DFU photograph prints
are not in use for remote monitoring in the villages, where
the internet and computers are still not available causing
inconvenience in follow-up in clinical practice. Poor quality
prints together with colour print outs fades over time and
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worsens the situation grimmer as far as monitoring of DFUs
is considered. A series of digital photographs placed chron-
ically in the computer database can help the professionals
review the work conveniently and lot easier [94, 95]. An
added advantage of digital archiving of DFU images is that
no degradation of quality of images takes place over time,
when compared to the printed photographs.
Mobile phones had become popular for telephonic commu-
nications globally in the early 2000s and updated versions
of these devices with advanced cameras and video recording
facilities have flooded the market in the recent years [92].
Twenty first century has witnessed a rapid technological
progression in smartphone devices, use of high-resolution
cameras and ease of availability that has made smart phones
an integral part of modern life. Professionals involved in
care of diabetic patients have initiated the use of cameras
of smart phone and video facilities for regular monitoring
and supervision of DFUs [92, 96]. Fig. 4 indicates how the
patients themselves were using their mobile phones to ob-
tain images of their DFUs prior to their visits to foot clinics.
These images can be subjected to analysis using various soft-
wares to get near accurate data on the size, shape, depth, and
the overall biochemical condition of the wound. Although
the initial studies on use of mobile phones for monitoring
DFUs were not very promising, subsequent studies have
shown encouraging results [97, 98].
Validation has to be done across the globe by numerous
professionals from several institutions that will help to re-
fine the consequences in machine learning algorithms for
management of DFUs [99]. Development of AI algorithms
is far more labour-intensive as larger datasets are required
for demarcation exercises to improve deep learning models,

along with clinical and biochemical parameters of individ-
ual patients to be incorporated within the neural network.
Availability of competent staff is a major limitation as train-
ing of personnel requires using large datasets of DFUs for
ease of classification and diagnosis. Deep learning AI al-
gorithms need to be developed, for which big datasets for
automated DFU analysis need to be generated to get re-
producible and comparable results. Globally, scientists are
working in isolation and may not accomplish reproducible
research outputs. Various challenges have been faced by
the researchers and clinicians because the datasets are avail-
able publically, but are difficult to access. Nonetheless,
appropriate use of computer technology integrated with dig-
ital applications may help to ease the physical burden on
researchers in developing such models [100].

7. Conclusion and Future perspectives
Inflammation, proliferation, and remodelling are all key
components of the complex stages in wound healing pro-
cess. In most DFU cases, both internal and external factors
including changed cytokine response and poor vasculariza-
tion, cellular and microbial contamination interfere with the
pathophysiology of the healing process. Nanotherapeutics
has emerged as a promising strategy to address all stages
of wound healing. Primarily this review focuses on how
nanoparticles interact with wounds to promote the heal-
ing process by inhibition of inflammatory process. Wound
dressings with metal nanoparticles coatings shows excel-
lent antibacterial activities that are crucial for the wound
healing. In chronic and diabetic wounds, polymeric nanos-
tructures and peptide combined with wound dressing ma-
terials (gelatin, Chitosan, hydrogel, etc.) have shown im-

Figure 4. Schematic representation of Diabetic foot ulcers assessment via AI [Adapted from van Netten, et al. [91]; 2017].
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proved outcomes in manipulating the growth of cells, re-
epithelialization, collagen fibre deposition, tissue regenera-
tion, and eventually closing of the wound. Nanomaterials
in wound dressings offer tremendous possibilities for treat-
ment of wounds. Present wound healing materials have
many limitations that could be solved by using naturally
originated polymeric nanoparticles in combination with
antibiotics, growth hormones and biomolecules to create
scaffolds with improved mechanical resistance. The past
few years have witnessed a mass increase in digital applica-
tion cases, and day to day management of DFUs have also
evolved swiftly to a basic stage of remote diagnosis and
wound monitoring in field and community settings. Mobile
apps have been developed to integrate the new technological
advancements and in near future, these apps are going to
change the scenario of DFU care globally. Further Globally,
AI experts are establishing AI-based algorithms rapidly by
collaborative efforts in tandem with patients and clinical
teams. Remote diagnosis applications have enhanced as
regular follow-up and monitoring of DFUs is based on the
newer digital technologies in mobile camera. AI experts
are developing prediction models for wound healing, by
use of links of ulceritic characteristics and DFU images
for the laboratory parameters and clinical practices of the
patients. The collective efforts of clinicians, patients, and
computer scientists across the globe is expected to revo-
lutionise wound care management as it will empower the
monitoring and management by DFUs patients themselves
to a great extent.
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