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Introduction
The largest organ of the human body, the skin, is prone 
to damage and may be responsible for $18.7 billion of 
the worldwide wound therapy market by 2027. The 
prevalence of diabetes mellitus (DM), a chronic metabolic 
condition, is rising worldwide. Persistent hyperglycemia 
and a deterioration in organ system function are its 
common characteristics.1,2 Diabetic foot ulcers (DFUs) are 
prevalent complications that negatively impact diabetes 
patients' overall quality of life.3,4 There can be a serious 
delayed wound healing of DFU patients due to their high 
sugar level in blood.5,6 Advanced dressings approaches 
are biocompatible, non-toxic, biodegradable and having 

ability to promote wound healing than traditional 
processes.7,8 In response, modern 3-dimensional (3D) 
bioprinting technologies have been designed to enhance 
wound care, especially in skin grafting operations and 
the fabrication of wound dressings.9,10 This technology 
can lower the expense of long-term healthcare systems 
and enable diabetic individuals to live healthier lives.11-14 
Advances in 3D bioprinting, including better bioink 
formulations, increased precision, and vascular network 
integration, are covered in the article. 

The skin is an essential organ that serves as a barrier 
between the body and its external environment. It 
weighs roughly six pounds and has a thickness of about 
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Abstract
Globally, the prevalence of diabetes mellitus (DM), 
a chronic metabolic disease, is at its peak. Type 
2 diabetes (T2D) is more common worldwide, 
which raises the risk of ulcers and chronic healing, 
or non-healing wounds. Overall 15% to 20% of 
people with diabetes develop diabetic foot ulcers 
(DFUs), which is a significant consequence. 
Managing and treatment of wounds require an 
advancement of novel healing therapies with the 
use of biological dressings. The development of 
DFU wound dressings and the biomanufacturing 
of composite 3D skin substitutes are examples of 3D bioprinting technology for enhancing 
therapeutic approaches. These approaches and challenges of bioprinting technology in wound 
healing of chronic DFUs are covered in this review. Moreover, the review highlights the selection 
of biomaterials, integration of biomimetic approaches, and the ability of 3D bioprinting to 
replicate native skin architecture. Despite significant advances, the review identifies critical gaps 
including limited vascularization in printed constructs, standardization issues, and scalability 
challenges that impede clinical translation. Emerging biotechnological tools and novel biomaterial 
developments are also discussed, emphasizing their potential to overcome these limitations and 
improve DFU wound management.
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2 mm.15 The epidermis, dermis, and hypodermal are its 
three primary layers. The outermost layer, epidermis, 
is comprised of four sublayers that serve as a barrier to 
permeability. Fibroblasts, collagen, elastic fibres, blood 
arteries, nerves, and extracellular matrix are the dermis 
components that lie beneath it.16 The reticular and 
papillary layers consist of their two sublayers.17,18 The 
reticular layer is composed of blood vessels and the skin's 
appendages, whereas the papillary layer is comprised of 
dermal papillae that create a dermal-epidermal interface. 
The third major layer, the hypodermal layer, serves as 
an insulator for the tissues beneath it and shields the 
body from harm. Additionally, the skin contributes to 
the immune system, which shields us from illness.19 Out 
of all novel formulations, hydrogels are widely used for 
treating wounds due to their excellent moisture retention, 
biocompatibility, and ability to promote healing.20,21

DM causes DFUs, and the prevalence of DFUs is 
anticipated to increase as the population grows to 
592 million by 2030. DFUs, the most serious type of 
diabetic sores, can cause lower limb amputation or 
even death and affect 15% of people with T2D. Eighty 
four percent of all lower limb amputations caused by 
diabetes are preceded by DFUs, emphasising the need to 
recognise ulcer pathogenic mechanisms. DFU is a type 
of wound that gets worse due to inadequate immune 
response, poor control of blood sugar, renal failure, and 
impaired vision.22 Diabetes patients' high glucose levels 
affect the functions of endothelial cells, keratinocytes, 
macrophages, fibroblasts, and delay wound healing.23,24 
High glucose levels present an undesirable impact on re-
epithelialization and inflammation resolution, resulting 
in chronic neutrophil and macrophage infiltration with 
an inability to resolve the inflammatory phase. Although 
endothelial cells are essential during the proliferative 
stage of healing, excessive glucose levels can prevent 
keratinocyte migration and angiogenesis, which reduces 
capillary density and vascularity. Not only that, but 
diabetes also raises the risk of ulcers, since it damages 
nerves, causes infection, and impairs circulation. The 
feet and legs are frequently affected by ulcers and the 
open wounds on the skin that don't heal properly.25 The 
Wagner Diabetic Foot Ulcer Grade Classification System 
is one of several grading schemes for diabetic ulcers. 
Cracks, dryness, redness, scaliness, and rash are some of 
the symptoms. A hard patch in the centre, discolouration, 
drainage, callosity, and an unpleasant odour are all 
possible symptoms of chronic ulcers.26 DFUs are common 
among diabetic elderly patients that indicate catastrophic 
effects, increasing the chance of amputation by up to 46 
%. The risk of foot amputation can be decreased by the 
early identification of DFUs.27 

Pressure ulcers, venous leg ulcers (VLUs), and DFUs 
are examples of chronic wounds that do not heal in 
three months due to well-controlled inflammatory 

phase. In chronic wounds, an imbalance between pro-
inflammatory and anti-inflammatory cytokines leads to a 
delayed healing process.28 Additionally, wound infection 
increases inflammation and oxidative stress by impeding 
the transition from the inflammatory to the proliferative 
phases due to poor neutrophil function and decreased 
expression of innate anti-microbial peptides among DFU 
patients. By offering antimicrobial activity, drug delivery, 
scaffolds for tissue regeneration, and the maintenance of 
ideal wound conditions, biomaterials aid in DFU healing.3

Wound healing processes
The normal physiological process of wound healing 
involves mediators and cell interactions. Systemic 
problems such as dysregulated angiogenesis, chronic 
inflammation, neuropathy, hypoxia-induced oxidative 
stress, and affected neuropeptide signalling can be caused 
by diabetic hyperglycemia. Biological dressings and skin 
substitutes are two methods for treating diabetic wounds 
that emphasise lowering inflammation and utilising skin 
substitutes. Haemostasis, inflammation, proliferation, 
and remodelling are its four stages as presented in Fig. 
1. Haemostasis is a process that keeps blood flowing and 
stops excessive bleeding. Whereas inflammation sterilises 
the wound and stops further infiltration. To coordinate 
the activity of neutrophils and monocytes towards 
the wounded location, tissue-resident macrophages 
release pro-inflammatory chemokines. Neutrophils 
undergo apoptosis, matrix metalloproteinases, and 
clearance to resolve inflammation. Collagen production 
and granulation tissue development occur during the 
proliferative phase. By transforming fibroblasts into 
myofibroblasts and breaking down the extra extracellular 
matrix and blood vessels, remodelling helps to restore 
the function and structure of the skin. The acute wound 
healing phase ends after dermal remodelling is achieved.

Haemostasis
Haemostasis is the first step in wound healing, during that 
process mast cell degranulation promotes bleeding and 
permits the infiltration of immune cells. The formation 
of a temporary scab occurs when the coagulation system 
is triggered. Examples of soluble mediators: a. growth 
factors like epidermal growth factor (EGF), vascular 
endothelial growth factor (VEGF), and platelet-derived 
growth factor (PDGF), b. danger-associated molecular 
patterns (DAMPs) like adenosine 5-triphosphate (ATP), 
histones, high mobility group box protein 1 (HMGB1), 
and genomic DNA, c. chemokines like CXCL-2 and IL-8 
(CXCL-8), and d. Cytokines like IL-33, IL-25, and thymic 
stromal lymphopoietin (TSLP) are released by activated 
keratinocytes, fibroblasts, and platelets. These mediators 
serve as danger signals, causing patrolling inflammatory 
cells to infiltrate and local immune responses to be 
triggered.29,30
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Inflammation
During the inflammatory phase of wound healing, 
extracellular matrix decomposition enzymes are released, 
inflammatory cells proliferate, and inflammatory 
mediators accumulate. In diabetic wounds, uncontrolled 
or extended inflammatory responses frequently result 
in poor wound healing or ulceration, whereas localised, 
well-regulated inflammation initiates proliferative and 
remodelling phases. A delay in wound healing process 
caused by neutrophil extracellular trap induction 
(NETosis), which is induced by T2D. Moreover, histone 
H4 and mitochondrial DNA cause more damage 
due to the ongoing activation of neutrophils and the 
development of NETosis. Additionally, during wound 
healing, skin-resident T-lymphocytes are crucial for 
preserving and controlling local skin inflammation. The 
healing rate is greatly decreased when regulatory T-cells 
(Tregs) are depleted. By promoting T-cell plasticity and 
Th17 cell differentiation towards T-regs, topical retinoic 
acid might accelerate the healing of diabetic wounds. 
Insufficiencies in anti-inflammatory cytokines produced 

by regulatory cells, such as M2 macrophages and T-regs, 
as well as elevated level of localised pro-inflammatory 
mediators are the causes of the prolonged inflammatory 
phase found in diabetic wounds, which slows healing and 
remodelling.31,32

Proliferation
Successful wound healing depends on the proliferative 
phase, which is highlighted by the development of 
proliferative tissue. Fibroblasts, immunological cells, and 
blood capillaries contribute to the migration of epithelial 
cells towards the wound surface during this phase. By 
releasing cytokines, growth factors, and chemotactic 
factors for stem and progenitor cells, these cells exhibit 
strong regenerative properties. However, skin-resident 
cell proliferation and activation are greatly decreased in 
chronic diabetic wounds. Reduced angiogenic capacity, 
oxidative stress, and T2D-mediated protein glycation 
are among the factors that cause the proliferative phase 
to unnecessarily prolong, leading to wound rupture. 
Additionally, significant cellular and molecular elements 

Fig. 1. Steps of wound healing process. Created in BioRender. https://BioRender.com/ytrcorm.

https://BioRender.com/ytrcorm
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have been linked to wounds caused by T2D reported in 
previous literature.33

Remodelling
Endothelial growth factor (ECM) proteins develop scar 
tissue during wound remodelling, and M2 macrophages, 
myofibroblasts, and wound-resident fibroblasts are 
important components in this mechanism. The outcome 
of the scar is determined by the continual re-organisation 
of collagens, which comprise 85% of the dermis, during 
wound healing. Collagen fibres become thicker, denser, 
and more entangled as a result of the deposition and 
extraction of ECM components controlled by secreted 
matrix metalloproteinases and their inhibitors (TIMPs). 
Throughout the remodelling phase, the ECM is 
dynamically subjected to continual modifications, and 
skin restoration depends critically on its composition. It 
has been demonstrated that delivering ECM components 
of decellularized skin structures during wound healing 
enhances the healing process and has emerged as a 
promising treatment strategy. However, abolished 
angiogenesis causes oxidative stress and a hypoxic wound 
environment in wounds caused by T2D. Moreover, 
wounds treated with ECM components have shown 
increased and regulated fibroblast activity.32,33

Complications associated with diabetic wounds
DFUs are one of the familiar non-traumatic wounds in 
the lower limbs of the body. Skin redness and swelling are 
the first symptoms. If the wound is not treated, diabetes-
related infections of the skin, bones, and tendons may 
develop, resulting in deeper sores. Charcot foot, claw 
feet, and hammertoes are examples of foot deformities 
caused by the degeneration of muscles and bones initiated 
by long-term diabetes. An infection in the wound causes 
abscess that might make it challenging to wear anything 
in leg.21,34 Therefore, if the wound is not treated instantly, 
it may result in partial or total gangrene, which can lead 
to the entire foot's skin tissues dying. Moreover, if the 
infection spreads to the tendons or bones, an instant 
therapy required to avoid sepsis, which can result in 
necrotising fasciitis (also known as flesh-eating disease).

Precise management of diabetic wounds through 3D 
printed hydrogels
Skin substitutes can be divided into groups according 
to their distinct compositions and derivative sources. 
Implantable scaffolds can be categorised by host origin, 
biomaterials from biologic sources, totally synthetic 
materials, acellular or non-acellular components, and 
dermal and/or epidermal components. To address the 
complexities of chronic wound conditions and individual 
clinical heterogeneity, successful skin substitutes frequently 
include a range of materials acquired from different sources. 
Due to their clinical results, safety, therapeutic effects, and 

ubiquity in DFU treatment, fully acellular dermal matrices 
are especially helpful.35 Three decades ago, 3D printing 
had an impact on several areas by offering the ability to 
develop a wide range of shapes and models quickly and 
affordably. Spritam (Levetiracetam), the first medication 
made by a 3D printer, achieved FDA approval in 2015 
and is being marketed by Aprecia Pharmaceuticals.36 
3D printing is flexible and adaptable method, offers 
resources for developing customised, individual therapies 
with efficient delivery systems. There are three types of 
3D printing technologies: extrusion, inkjet, and laser 
solutions. It is crucial to consider the printer's resolution, 
biocompatibility, temperature, nozzle output volume, 
and affordability when selecting a 3D printer.33 The skin 
bioprinting process involves four steps: preprocessing 
(A), printing (B), postprocessing (C), and evaluation (D) 
(Fig. 2). Pre-processing involves selecting appropriate cell 
and ink bioprinting materials and designing the printing 
process. Postprocessing involves layering cell-laden 
bioinks, induced by epidermal keratinocyte differentiation 
and dermal fibroblast proliferation. Key indicators like 
sustained dermal cell viability and extracellular matrix 
production are considered before applications.37

3D printing technique can assist diabetes patients 
in living better lives and distinguish DFUs from other 
chronic wounds.38 The fabrication of scaffolds for wound 
healing has been investigated using 3D bioprinting in 
recent years.39 For wound-healing applications, Glover 
et al designed 3D bio printed polycaprolactone (PCL) 
scaffolds loaded levofloxacin and studied their sustained 
drug release profile. The scaffold was designed for possible 
treatment of DFU and can be adjusted based on the size 
of the wounds. Compared to traditional therapy methods, 
this method is easier to use and less expensive according 
to the patient's needs.11

Comparison between conventional and advanced wound 
dressing
Millions of individuals throughout the world struggle 
with wound healing, and if left untreated, it leads to 
chronic infections. Conventional methods of wound 
protection, such as bandages, plasters, cotton, and gauze, 
may delay the healing process. However, due to different 
kinds of wounds and no specific dressing works for 
all of them, it is difficult to identify the most effective 
one. Current therapies such as lipid-based systems,40 
synthetic and natural polymeric systems,41 emulgels, 
silicon microparticles, gold nanoparticles,42 and silver 
nanoparticles43 are some examples of novel drug delivery 
system. By delivering bioactive substances in a regulated 
and customised manner, 3D printed dressings may 
achieve the maximum therapeutic effects.23,33

Additive manufacturing technology
Rapid prototyping, also referred to as additive 
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manufacturing (AM), or 3D printing, first appeared 
in the 1980s and has subsequently transformed several 
sectors, including biomedical engineering.44 AM enables 
precise, layer-by-layer fabrication, which facilitates the 
development of complex geometries and customized 
designs, in contrast to conventional manufacturing 
techniques that involve material removal or moulding.10 
According to the American Society for Testing and 
Materials ASTM categorization, AM processes are 
classified into seven categories: binder jetting (BJ), 
material jetting (MJ), directed energy deposition (DED), 
sheet lamination (SL), material extrusion (ME), powder 
bed fusion (PBF), and vat photopolymerization (VP).45,46 
Moreover, the potential techniques (Fig. 3) include 
droplet-based bioprinting, stereolithographic (SLA) 
printing, selective laser sintering (SLS), fused deposition 
modelling (FDM), and micro-extrusion bioprinting 
made the AM flexible in health applications, especially for 
managing diabetic wounds, is increased by the fact that 
each of these methods uses different material processing 
principles.47 Additionally, the capacity to customize 
polymeric structures with regulated porosity, mechanical 
characteristics, and bioactive functions has established 
AM (Fig. 4) as a pivotal technique for creating enhanced 
wound healing platforms, such as biocompatible 
hydrogels,48 drug-embedded films, and tissue-engineered 
dressings.49,50 

Droplet-based bioprinting
3D bioprinting seeks to develop tissue and organ 
structures by methodically depositing biologics, 
including living cells, biomaterials, pharmaceuticals, 
growth hormones, and DNA, in a sequential layer-by-
layer manner.51 It allows for the development of tissue 
and organ constructions that are either scaffold-based or 
scaffold-free.52 The idea behind droplet-based bioprinting 
(DBB) comes from inkjet printing, which got its first 
product in 1951 when Elmqvist of Siemens invented 
the first useful inkjet device. Later, in 2000, Object 
Geometries developed the first 3D printer that used inkjet 
technology. In 2003, Boland established the viability of 
employing an improved thermal DOD inkjet printer for 
printing living cells in a functional state and proposed the 
idea of inkjet bioprinting.53 DBB provides high precision 
and adaptability in the fabrication of cell-laden scaffolds 
for biomedical applications.54 DBB, encompassing inkjet, 
acoustic, and micro-valve bioprinting, facilitates the 
precise deposition of bioinks containing living cells, 
biomaterials, and pharmaceuticals. It has significant 
limitations, compared to extrusion-based and laser-
assisted bioprinting due to challenges such as nozzle 
clogging, a limited viscosity range of bioinks, and cell 
viability problems caused by mechanical or thermal 
stressors limit its widespread use in the fabrication of 
large, structurally stable structures.55 Moreover, SLA and 

Fig. 2. Steps involved for bioprinting of hydrogel with preprocessing (A), printing (B), postprocessing (C), and evaluation (D). Created in BioRender. https://
BioRender.com/ytrcorm.

https://BioRender.com/ytrcorm
https://BioRender.com/ytrcorm
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SLS are advanced AM methods that utilize a laser to fuse 
powder particles or cure liquid resins, resulting in more 
precise construction of complex polymeric materials. 
DBB-based product has low mechanical strength, limited 
material viscosity, and problems building load-bearing 
structures, which makes it less useful for diabetic wound 
healing.56

Precise management of diabetic wounds through 3D 
printed hydrogels
Skin substitutes can be divided into groups according 
to their distinct compositions and derivative sources. 
Implantable scaffolds can be categorised by host origin, 
biomaterials from biologic sources, totally synthetic 
materials, acellular or non-acellular components, and 
dermal or epidermal components. To address the 
complexities of chronic wound conditions and individual 
clinical heterogeneity, successful skin substitutes 
frequently include a range of materials acquired from 
different sources. Due to their clinical results, safety, 

therapeutic effects, and ubiquity in DFU treatment, fully 
acellular dermal matrices are especially helpful.35 

Stereolithography
Stereolithography (SLA) relies on the solidification of 
liquid resin through photopolymerization facilitated 
by ultraviolet (UV) light. In this procedure, the laser 
focus strikes a specific depth on the material's surface 
(liquid photo-polymerizable resins), solidifying the area 
it covers through photopolymerization.37 Biomaterial 
scaffolds are essential in tissue engineering (TE) and 
reconstructive medicine. Fundamental TE criteria for 
scaffolds encompass biocompatibility, biodegradability, 
and appropriate mechanical stiffness, which collectively 
facilitate cell and tissue development, integration, and 
remodelling.57 The most promising modelling method is 
solid free form fabrication (SFF), which offers the most 
precise control over the geometry of scaffolds using 
computer-aided design (CAD)-generated 3D models or 
clinical images.58 SLA is a highly promising fabrication 
technique, capable of producing objects with an accuracy 
of 20 microns.59 Currently, SLA fabrication technologies 
comprise two primary types: projection stereolithography 
(PSL) and laser stereolithography (LSL). When compared 
to LSL, which scans with a laser point-by-point, PSL 
builds an entire layer with just one shot, which greatly 
cuts the fabrication time.60 PSL is a prospective method 
due to its CAD capabilities, high fabrication speed, and 
fine resolution.61 PSL, utilizing digital light processors 
(DLP) and projectors, is garnering heightened interest 
due to its superior production speed and resolution. 
These qualities are achieved by projecting a complete 
image using masked illumination into the monomer 
solution, thereby simultaneously forming an entire layer 
and significantly decreasing manufacturing time.59 In 
diabetic wound care, scaffolds and polymeric hydrogels 
based on SLA offer enormous promise since they offer 
a customized, bioengineered method that replicates the 

Fig. 3. Potential bioprinting techniques, A. Droplet based bioprinting (DBB), B. Stereolithographic printing (SLA), C. Extrusion based bioprinting, D. Selective 
laser sintering (SLS). Created in BioRender. https://BioRender.com/ytrcorm.

Fig. 4. 3D bio-printed polymeric tissue hydrogel with living cells for the 
tissue replacement in wound healing. Created in BioRender. https://
BioRender.com/ytrcorm.

https://BioRender.com/ytrcorm
https://BioRender.com/ytrcorm
https://BioRender.com/ytrcorm


Khamkat et al

   BioImpacts. 2026;16:32751 7

natural ECM, promotes cell proliferation, and speeds 
up wound closure. In addition to providing structural 
support, these scaffolds encourage cell adhesion, 
proliferation, and differentiation all of which are essential 
for efficient wound healing.62 Furthermore, it has been 
demonstrated that adding growth factors to these scaffolds 
improves tissue remodelling and fibroblast proliferation, 
accelerating the healing of diabetic wounds.63

Fused deposition
The efficient recovery of DFU depends on a complicated 
process necessitating various combined therapeutic 
techniques in the treatment plan. Previously, FDM 
techniques for 3D printing were applied in a study of drug-
loaded scaffolds for the treatment of DFUs.11 FDM has 
been investigated extensively in diabetic wound healing 
for developing bioengineered scaffolds and drug-loaded 
wound dressings, therefore offering structural support, 
controlled drug release, and tailored degradation rates to 
accelerate the healing process. Incorporating reinforcing 
elements such as hydroxyapatite,64 graphene, bioactive 
nanoparticles, and natural polymers65 has recently 
reported improving the biocompatibility, antibacterial 
characteristics, and mechanical strength of FDM-printed 
scaffolds.52 In contrast, to methods such as SLA and SLS, 
FDM has important drawbacks. FDM-printed items 
frequently show anisotropic mechanical properties, 
poor interlayer adhesion, and surface roughness due to 
their extrusion-based method, which may affect scaffold 
integrity and cell growth.66 Furthermore, FDM is not as 
precise and has lower resolution, compared to SLA. This 
makes it less ideal for creating complex microporous 
structures needed for cells to interact optimally in 
wound healing applications.67 Despite these obstacles, 
the potential of FDM in biomedical applications is being 
enhanced by ongoing process optimizations and material 
innovations, particularly in the production of personalized 
wound dressings and tissue-engineered scaffolds.68

Selective laser sintering
Selective laser sintering (SLS) is one type of AM that 
has a lot of benefits. For example, the printed parts are 
relatively strong, the unbonded powder can be recycled, 
and large batches can be printed without the need for 
support structures.69 Among the several areas, including 
medicinal, aerospace, automotive, and defence, SLS finds 
extensive application.70 SLS technology has various uses 
in medical engineering, such as the development of living 
prototypes for interventions, models for medical devices, 
and scaffolds for TE. SLS 3D printers are favoured in 
product development for their economic efficiency, 
elevated productivity, and diverse material compatibility. 
Advances in equipment, supplies, and technology have 
rendered SLS printing more widely available to a greater 
number of companies. FDM is frequently utilized 

in production; nevertheless, due to its constraints in 
producing complicated geometries, SLS is advised for 
sophisticated insole designs for diabetic foot.71 SLS 
provides exceptional precision, facilitating the fabrication 
of sophisticated insole structures with robust mechanical 
strength and complex geometries that improve pressure 
distribution and foot support. This method employs a 
laser to selectively sinter polymer powders, obviating 
the necessity for support structures and guaranteeing 
consistent mechanical qualities, which is essential for 
diabetic foot orthoses.72 Moreover, SLS facilitates the 
integration of sophisticated porous configurations, 
including triply periodic minimal surface structures, 
which enhance flexibility, breathability, and overall 
patient comfort. Materials appropriate for SLS-printed 
insoles can be customized for certain mechanical qualities, 
enhancing offloading and diminishing plantar pressure 
in diabetic individuals.73 Before clinical application, SLS-
manufactured insoles undergo stringent in silico and in 
vitro assessments to determine their pressure-relieving 
efficacy.74 Future research is to incorporate flexible 
sensors for real-time foot monitoring, optimize topology 
for lightweight structures, and apply machine learning 
for inverse design, thereby enhancing the efficacy of DFU 
control strategies.75

Extrusion-based bioprinting
Extrusion-based bioprinting can generate 3D scaffolds 
from biomaterials and living cells to heal damaged tissue 
and restore function. Extrusion-based bioprinting has 
transformed from a straightforward technique to one that 
can generate a diverse array of tissue scaffolds from a variety 
of biomaterials and cell types in the past two decades, as 
a result of advancements in both the engineering field 
and biological sciences.76 It successfully prints porous 3D 
structures using a variety of configurations, such as fibrous 
strands, filamentous elements, and beaded formations, 
all of which contribute to their structural stability and 
functionality. Furthermore, rolled layers, sheet-based 
structures, and grid-like frameworks offer fabrication 
flexibility, while interconnected channel networks 
improve permeability and fluid movement within these 
engineered systems, and they imitate tissue components 
at both micro and macro levels.77 Vasculature formation is 
a significant challenge in TE, supplying oxygen, nutrients, 
and metabolites for long-term cell and tissue viability. 
Extrusion-based bioprinting uses vessel-like channels to 
facilitate vascularization, with endothelial cells deposited 
to initiate vasculature formation.78 Extrusion-based 
technologies are particularly beneficial for printing high-
viscosity materials like PCL, which is FDA-approved and 
biocompatible. PCL is used for scaffold creation in bone 
and tissue regeneration, providing a robust supporting 
structure for wound healing.79 Diabetes-related wound-
healing issues can be exacerbated by factors like diabetic 
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neuropathy and peripheral arterial disease. To address 
this, Levofloxacin (LFX), a fluoroquinolone antibiotic, 
was used in a bioprinting study to create LFX-loaded PCL 
scaffolds.80 The scaffolds were tested against pathogenic 
bacterial strains in the context of DFU. The 3.0 % LFX 
scaffold demonstrated the longest duration of release, 
indicating its suitability for sustained drug delivery.81 
The scaffold design demonstrated suitable mechanical 
properties for TE and can be easily modified to the 
wound size. This study provides a low-cost alternative 
to current DFU treatments, demonstrating the potential 
of bioprinting in wound healing.11 Extrusion-based 
bioprinting offers a novel method for diabetic wound 
healing. This technology combines biocompatible 
scaffolds with antibiotic delivery to provide infection 
control, mechanical support, and long-term healing 
effects. Future enhancements could incorporate multi-
layered scaffolds containing additional bioactive 
compounds to increase treatment effects.82

3D DFUs Models for Bioprinting
The mouse model is generally employed in 3D printing 
due to its wound healing mimicking property of that the 
human body. Organotypic 3D printed skin models may 
promote wound healing through stimulating angiogenesis 
or regeneration, decreasing inflammation, or preventing 
fibrosis. These models can be classified as scaffold or 
scaffold-free systems. As scaffolds change porosity, 
surface, and permeability, are frequently utilised. 3D 
human skin equivalent models and other hyperglycaemic 
wound models have been used to research of diabetic 
inflammation. The 3D endothelial cell germination test 

can be utilised as a screening tool for hyperglycaemic 
applications and is more representative of the angiogenic 
process of endothelial cells than the conventional 2D test. 
3D printing allows for great customisation, quick creation 
of complicated structures (Fig. 5), with better flexibility 
and accuracy of in vitro models.39,83

Bioinks
Bioinks are substances that possess biological and 
physico-mechanical characteristics with the targeted 
tissues. Depending on the printer and target tissue, they 
can be altered and must be printable. Because of their high 
mechanical and functional requirements as well as their 
biocompatibility, multicomponent bioinks are preferable 
to single-component bioinks. Natural substances 
including collagen, fibrin, alginate, and gelatin are 
utilised extensively as biomaterials due to their nontoxic 
and biocompatibility property. Natural materials have 
also been supplemented with synthetic polymers such as 
polyurethane, poly(lactic-co-glycolic acids), polyethylene 
glycol, and PCL.33

Agarose, an organic polysaccharide derived from red 
seaweed, is widely used as bioink due to its thermo-
reversible gelling action and biocompatibility. Brown 
algae produce alginate, an anionic polymer, which can 
form hydrogels with properties similar to the extracellular 
matrix of tissues. In bioinks, cellulose, a stiff polymer, 
can be added in altered content to increase its porosity, 
strength, and flexibility. Nanocrystals of carboxymethyl 
cellulose can improve shear-thinning behaviour and 
mechanical strength. Collagen and chitosan can also be 
used as bioinks.84,85 Biodegradable scaffolds can be made 

Fig. 5. 3D printing DFUs models. Created in BioRender. https://BioRender.com/ytrcorm.

https://BioRender.com/ytrcorm
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by chemically modification of dextran,86 a nontoxic, 
hydrophilic homopolysaccharide. Blood contains a soluble 
protein called fibrin, which is utilized to make different 
tissues. Because of its rapid gelation and high initial 
stability, gelatin, a thermosensitive polymer, is utilized 
as an element in bioink. Gellan gum is a biocompatible 
and biodegradable polymer that is utilised in bioprinting. 
Although HA is a biocompatible, biodegradable, and 
bioresorbable substance that aids in wound healing and 
has potential applications in bioprinting, it necessitates 
crosslinking.87 Though biological inks frequently contain 
regulatory elements like cytokines and chemokines, it is 
challenging to replicate intricate microenvironments and 
intercellular interactions. Because of its extraordinary 
biocompatibility, printability, and preserved partial ECM 
structure, decellularized extracellular matrix (dECM) 
has emerged as a new bioink option for skin bioprinting. 
Although it is still difficult to remove heterologous 
dECM's immunogenicity while maintaining its structure 
and biological activities. Exosomes and platelet-
rich plasma are two examples of naturally occurring 
microenvironmental factor combinations that have 
drawn interest in bioprinting.88,89

Technical aspects of hydrogel in 3D printing
Before and after printing, the following evaluations can 
be performed to check the quality of the hydrogels used 
in 3D printing.

Rheology
Polymers are both elastic and viscous, and the complex 
shear modulus (G*) describes their viscoelastic response. 
The frequency sweep test can be used to determine the 
time and frequency dependence of viscoelasticity in 
polymers. The formula 𝐺∗ = 𝐺′ + 𝑖𝐺″ can be used to 
represent the complex shear modulus. G″ represents the 
loss modulus, and G′ represents the storage modulus.

Extrusion velocity
The Allevi 2, a pneumatic material extrusion 3D printer 
can be utilised to prepare samples and print materials. 
Temperatures and pressures must be adjusted by the 
printer from room temperature to 140 °C and 6.90-827 
kPa respectively. An EOS REBEL T3i DSLR camera is used 
to record the extrusion after a complete metal nozzle with 
a 450 µm in diameter. The recordings are then turned into 
pictures to determine the extrusion velocity. The printed 
strut is then implemented to measure the strut diameter 
after the materials are placed on a substrate with a layer 
height of 450 µm.90

Precise management of diabetic wounds through 3D 
printed hydrogels
The printability of a 3D bioprinter can be modified by 
FDM using cellulose and gelatin salts. Because of its 

superior printing properties, polymers like Pluronic can 
be employed as a control bioink. For best results, basic 
line patterns are required to be printed following G-codes 
and printer settings. Printability evaluation is essential for 
assessing the quality of bioink.91

Strut Diameter
Using SOLIDWORKS 2021, a cylindrical sample with 
an open porosity can be examined. Slic3r is used to slice 
the 3D model after the STL file creation. 3D printing was 
done using the G-code file.90

Degradation evaluation
By exposing the materials to four degrading effects 
temperature, humidity, UV light, and winter weather the 
study is examined to verify the mechanical properties of 
the materials. The samples are exposed to furnace settings, 
temperature cycling, UV light, and a condensation 
chamber. According to a recent finding, the samples' 
surfaces become slightly sticky and yellowed after being 
exposed to UV light. Additionally, the samples are 
performed 98 days of outdoor ageing in conditions that 
vary in temperature, sunshine, and air humidity.92

Applications of 3D printed hydrogels in management 
of diabetic wounds
Hu et al investigated the impact of hyperglycemia on 
vascular endothelial cells (HUVECs) and suggested that 
Bone Marrow Mesenchymal Stem Cell derived exosomes 
can reduce the dysfunction. Researchers developed a 3D 
scaffold dressing composed of mesoporous bioactive glass 
(MBG) and decellularized small intestinal submucosa. 
This SIS/MBG@Exos hydrogel showed an improvement 
in HUVEC activity and angiogenesis in diabetes induced 
Sprague-Dawley (SD) rats. The study was performed for 
14 days and proved that the hydrogel accelerated diabetic 
wound healing, enhanced blood perfusion, and promoted 
collagen deposition93 (Fig. 6). Lin et al prepared 3D-printed 
porous hydrogel scaffolds using bio-inks such as gelatin 
(Gel), sodium alginate (SA), CaCO₃ microspheres, and 
oxidized sodium alginate (OSA) to promote wound 
healing. The SA/OSA/Gel scaffold demonstrated superior 
structural stability and accelerated NIH-3T3 cell growth. 
These scaffolds demonstrated 93.0 ± 2.5% collagen 
deposition between broken fragments, expedited wound 
healing, and encouraged angiogenesis when applied 
on SD rats for 14 days.94 An artificial intelligence (AI)-
assisted high-throughput printing-condition-screening 
system was demonstrated to maximize 3D bio-printing 
conditions for hydrogel structures by Chen et al. The 
system offered satisfactory mechanical properties, 
biological performances in vitro, and the ability to speed 
up diabetic wound healing by performing an animal 
study.95

AI and 3D printing technologies have increased material 
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Fig. 6. 3D printed hydrogel scaffolds promoted diabetic wound healing. Effects on wound healing on day 0, 3, 7, 10 and 14 post-surgeries (A). The rate 
of wound closure among the different groups was calculated using the ImageJ software (B). Blood perfusion of the wound was assessed using doppler 
detection. Perfusion is presented as the ratio of wound area (ROI-1) to area surrounding the wound (ROI-2) (C, D). H&E staining and quantification of wound 
length of the four groups, Scale bar:2.5 mm and 100 μm (E, F). Masson’s staining of the wound bed of the four different groups, Scale bar:2.5 mm, 250 μm 
and 50 μm(G). Reprinted from Lozano et al84 Copyright (2026), with permission from Elsevier.
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compatibility and accuracy used for diabetes wound 
therapy. For machine learning-based wound dressings, 
functional 3D-printing inks were fabricated using DNA 
derived from salmon sperm and DNA-induced bio silica 
modelled after marine sponges by Kim et al. As per the 
study, these inks offered better mechanical tunability, 
porosity, and efficient blood absorption, accelerated 
anti-inflammatory potential for rapid wound healing 
on animal models for 15 days.96 Li et al designed a new 
hydrogel ink based on chitosan for the quick in situ 
development of customized diabetic wound dressings. 
Because of this ink's self-supporting qualities, high-
fidelity 3D printing is possible without the need for extra 
processing and it has shown biodegradable, mechanical, 
antimicrobial, anti-swelling, and pro-angiogenic qualities 
applied on mice for 17 days.97 To help diabetes patients 
with persistent wounds, a new multifunctional bilayer 
wound dressing composed of PCL, cellulose acetate 
(CA), sodium alginate, gelatin, polyvinyl alcohol, and 
hyaluronic acid was developed by Rahman Gamal et al. 
PCL/CA2/LSGPH dressing showed strong antibacterial 
and anti-inflammatory qualities. Research has proven 
that it inhibited S. aureus and E. coli, speed up wound 
healing, and promoted re-epithelialization, collagen 
deposition, and neovascularization when applied on 30 
male rats for 14 days.98 Aloe vera gel and bovine serum 
albumin combination was developed to produce a novel 
amyloid-based hydrogel by Naik et al. The effectiveness of 
the hydrogel in speeding up chronic wound healing was 
examined using diabetic Wistar rats for 21 days, and its in 
vitro wound healing properties were assessed using 3T3 
fibroblast cells.99

For diabetic wound healing, a 3D-printed hydrogel 
made of deferoxamine, oxidized mannan oligosaccharide, 
and acrylamide based on hyaluronic acid (HA-AM) has 
been generated by Yang et al. Diabetic wound healing 
is hampered by chronic inflammation. By efficiently 
controlling RAW264.7 macrophages and encouraging 
M2 polarization, HA-AM/OMOS@DFO hydrogel breaks 
down the barrier of inflammation applied on SD rats 
for 12 days.100 An egg white-based natural hydrogel was 
introduced for the treatment of diabetic chronic wounds 
by Guo et al. Without the need for exogenous growth 
factors, the 3D-printed egg white hydrogels with a 
secondary network can promote wound healing through 
proangiogenic effects with improved collagen deposition101 
(Fig. 7). Cao et al designed 3D-printed conductive hydrogel 
strips of gelatin methacrylate (GelMA) and [2-(acryloyloxy) 
ethyl] Trimethylammonium chloride (Bio-IL) filled 
with doxycycline hydrochloride, which encouraged skin 
regeneration in diabetic wounds of SD rats for 21 days.102

Using in situ 3D bioprinting, the work introduces 
a MoS2-accelerated gelling hydrogel scaffold for the 
healing of chronic diabetic wounds was prepared by 
Ding et al. It was created by combining MoS2 nanosheets 

with dextran solutions functionalized with benzaldehyde 
and cyanoacetate groups to reduce oxidative stress, 
encourage closure, speed up wound healing, and get 
rid of bacterial infections in a group of diabetes mouse 
models for 15 days.103 Liu et al designed a combination 
of polymerizable deep eutectic solvent solution (PDES) 
and a recyclable eutectogel backing layer in a 3D-printed 
dissolving microneedles (DMN) patch. In diabetic 
rats, the researchers demonstrated the effectiveness of 
their ternary PDES for a needle part, which combines 
biocompatible choline chloride, itaconic acid, and 
N-vinyl-2-pyrrolidone for effective drug administration 
and controlled glucose release. According to the study, the 
combination of DMNs with adhesive backing dramatically 
expedited the healing process, and by day 10, the CHPG-
TA@CUR treatment group had a considerably greater 
wound healing rate (68.08 %).104 Lihao et al developed a 
new porous scaffold with sodium alginate, gelatin, and 
salvianolic acid B using 3D bioprinting technology. In rat 
model, the scaffolds exhibited potent anti-inflammatory, 
proangiogenic, rapid wound healing, and antioxidant 
qualities. The scaffold proved that it can promote the 
expression of transforming growth factor-β, decrease the 
expression of tumour necrosis factor, interleukin-6, and 
interluekin-1β, and eliminate reactive oxygen species 
applied on rats for 14 days.105 For wound healing, a 
hydrogel scaffold that has been 3D printed and loaded with 
natural Centella asiatica extract has been created by Wang 
et al. The research proved that bio-ink, such as gelatin 
and sodium alginate, may suit the contour of the wound, 
coordinate immunological responses and macrophages, 
and encourage healing when applied on Kunming (KM) 
mice for 7 days.106 In order to treat diabetic wounds, 
Hu et al. introduced a bio-printed dermal scaffold that 
used an EM-based hydrogel system loaded with copper 
epigallocatechallate (Cu-EGCG) capsules. The scaffold 
offered a rapid healing of diabetic wounds in rats for 7 days 
by promoting angiogenesis and lowering inflammation. 
Treatment of diabetic lesions, particularly foot ulcers, is 
difficult because of their intricate pathophysiology. It has 
been demonstrated that adding stem cells to curcumin-
chitosan nanoparticles improves wound healing by Piva 
et al. StemCurCol scaffolds contributed to regeneration 
in mice with generated wounds by demonstrating 
improved re-epithelialization, faster closure rates, and 
faster wound closure.107 Using platelet-derived growth 
factor-BB (PDGF-BB) loaded 3D printed gelatine scaffold 
and silver-laden gelatine cryogel, Wan et al have created 
a bilayer skin substrate for diabetic wound healing. The 
scaffolds loaded with silver killed bacteria considerably 
and had no influence on cell proliferation. Silver and 
PDGF-BB coloaded scaffolds demonstrated potential for 
diabetic wound healing and bacterial infections in vivo by 
speeding wound closure, re-epithelialization, granulation 
tissue development, and angiogenesis.108
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Fig. 7. Macroscopic skin regeneration panorama with control, plain, and 3D SEWH group over 14 days, the inner diameter of ring silicone splint was 10 
mm (A). H&E staining (scale bar  =  100 μm) of healed wound skin (B), the quantification of wound closure (C) and  MT staining (scale bar  =  100 μm) (D). 
Quantification of hair follicle regeneration (E). Reprinted from Lin et al94 under Creative Commons CC-BY-NC-ND license.
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Clinical case studies
In vitro investigations have demonstrated the effectiveness 
and safety of 3D-printed materials in healing difficult 
wounds. To make sure their microstructure can stick to 
the wound site and replicate the microenvironment in a 
real scenario, 3D-printed items must be tested on humans. 
A clinical trial showed that 3D printing inks effectively 
healed fractures in both small and large bones due to their 
bio adhesiveness and biocompatibility. A 3D-printed 
PLLA and gelatin scaffold has been investigated for 
wound healing in persons over 18 years. The scaffold 
promotes re-epithelialization and wound closure, sticks 
to the wound, and rapidly develops a fibrin membrane. 
More case studies with a larger cohort and control group 
are required to evaluate the efficacy of 3D-printed wound 
healing products.33,83 Table 1 represents clinical trials of 
3D Printing used in DFU treatment.

Advancement in 3D printed scaffold printing with cells 
for improved tissue engineering
There is a significant potential for the regeneration of 
intricate tissue structures or entire organs through the 
use of TE scaffolds. The fabrication of TE scaffolds, which 
possess an exceedingly intricate structure, is feasible and 
precise through the utilization of 3D printing techniques. 
Furthermore, they facilitate the application of computer-
assisted approaches to TE scaffold design.113 Organoid 
technology provides a significant possibility to accurately 
replicate in vivo tissues by creating 3D structures.114 3D 
technology enhances skin tissue regeneration and wound 
healing in diabetic patients by precisely replicating the 
biological microenvironment, improving intercellular 
interactions and bio-signal transduction. This enables the 
cells that promote wound repair to exhibit increased levels 
of survival and differentiation.115 These scaffolds replicate 
the original extracellular matrix, enabling cellular 
adhesion, proliferation, and differentiation while also 
encouraging vascularization, which are the key aspects for 
effective tissue regeneration.11 Using bioinks that contain 
stem cells, growth factors, and antimicrobials has made 

printing scaffolds much better at helping wounds heal 
faster and restoring skin integrity.116 Smart scaffolds with 
controlled drug release mechanisms provide long-term 
therapeutic benefits, including reduced infection risks and 
increased cellular activity. Innovations in bio-fabrication 
techniques, such as extrusion-based and laser-assisted 
bioprinting, enable the precise spatial arrangement of 
different cell types, enhancing scaffold performance.117 
Furthermore, hydrogels and biopolymers such as 
collagen, alginate,118 sericin,119 and fibrin are increasingly 
being employed to improve scaffold biocompatibility and 
mechanical stability, resulting in an ideal environment for 
skin regeneration.120 These engineered constructions show 
significant potential in managing the problems of chronic 
diabetic wounds by giving tailored and regenerative 
therapeutic methods, ultimately shortening healing time 
and increasing patient outcomes.121

Regulatory prospectus associated with 3D-printed 
scaffold printing
The popularity of 3D printing in drug manufacturing 
has grown dramatically since the COVID-19 epidemic, 
especially in the pharmaceutical and healthcare 
industries. Although the FDA offers recommendations 
on additive manufacturing, issues with quality control 
and intellectual property have come up. Because of 
their active characteristics, nanomaterials employed in 
additive manufacturing are challenging to evaluate and 
control. Additional data from the industry of these 3D 
printing materials is needed by regulatory bodies in the 
USA, Canada, and Europe. It will be difficult to put this 
technology on the market since regulatory bodies need to 
create efficient plans, rules, and regulations to regulate the 
production and use of printed pharmaceuticals. To assure 
patient safety, efficacy, and stability, 3D printed products 
must pass the same regulatory process. Standardising 
AM processes, encompassing hardware, software, testing 
protocols, inputs, quality parameters, environment, health 
and safety, foundations, and vocabularies, is the goal of ISO/
TC 261. Under the FD&C Act, MDUFA, and Cures Act, 

Table 1. Clinical trials of 3D Printing used in DFU treatment

Treatment Objective Participants Result References

3D Printing

To investigate the potency of autologous micro 
fragment adipose tissue injection in contrast to 
conventional therapy.

114

Autologous micro-fragmented adipose tissue 
injected locally is a legitimate and safe treatment 
option that can speed up the healing process 
after minor amputations of irreversible DFUs.

109

To provide autologous minimally manipulated 
homologous adipose tissue (AMHAT) therapy to 
promote high-quality primary care.

10
For individuals with chronic DFUs, bio printed 
AMHAT therapy was found to be a safe and 
successful treatment option.

110

To check the potency of 3D-printed manipulated 
extracellular matrix (MA-ECM) made from 
autologous homologous adipose tissue in DFUs.

17 Wound healing is accelerated by MA-ECM-based 
therapy.

111

To ascertain whether 3D-bioprinted autologous 
adipose tissue grafts are effective on DFUs 10

Using a 3D bioprinter for autologous adipose 
tissue grafting facilitated wound healing and 
provides superior skin repair.

112
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the FDA governs 3D medical printing commodities. Class 
I, II, and III devices are categorised according to their level 
of risk. Guidelines on the technical, design, and content 
of 3D-printed medical devices have been released by the 
FDA. Technical Considerations for the Development and 
Evaluation of 3D-Printed Medical Devices, "Guidance for 
the Content and Format of Premarket Submissions for 
3D-Printed Medical Devices," and "Recommendations for 
3D Printing in the Development and Manufacturing of 
Medical Device Products" are a few of these.33,122

Challenges associated with 3D-printed scaffold printing
Because of unintended cellular interactions and stem 
cell differentiation, traditional 3D printing and tissue 
engineering materials are not biologically suitable. To 
replicate the flexible and nano-structural characteristics 
of the original tissue, novel hydrogels and biopolymers 
are being developed. These materials might lack the 
structural strength required for the best bioprinting 
outcomes. The existing method of bioprinting takes a 
long time and does not always produce the quantity of 
cells required for a variety of tissue types. Selecting the 
right bioink, managing shear stress, and maximising 
printing conditions and bioink uniformity are all crucial 
challenges in the process. 

Vascularity is a crucial barrier in bioprinting because 
it allows tissues to grow and survive beyond the oxygen 
diffusion limit of 100–200 mm. Tissues may have 
physiological restrictions in the absence of a circulatory 
network, which could result in necrosis or incomplete 
tissue formation. Due to printing resolution and speed 
restrictions, bioprinting vasculature is currently facing 
difficulties. Creating artificial vascular networks or 
integrating angiogenic growth factors into bioinks are two 

ways of improving in vivo vascularization. However, the 
basic challenge of rapidly developing mature, functional 
vasculature to promote tissue development and avoid 
tissue death is still unresolved.123 Furthermore, the 
regulatory approval procedure may take longer due to 
the complexity of 3D-printed devices, and regulators may 
find it difficult to keep up with the rapid advancements 
in 3D printing technology. Significant obstacles include 
processing time and cost, but bioprinting may be more 
economical for customised products.124

Future aspects
Current 3D skin models have limitations due to the lack 
of elements such as immune cells, blood vessels, nerves, 
and sweat glands. Creating a unified bioink model of 
the skin is a major challenge. Topical treatment with 
dressings is used in DFU management practices (Fig. 
8), but they are expensive and ineffective. To facilitate 
precise measurements, raise awareness of foot health, and 
encourage the prevention and treatment of foot issues, 
software quality must be improved. Customised footwear 
and dressings made with 3D printing technology can 
improve fit and protection, which is advantageous for 
improved DFU management.33 3D printer farms are a new 
approach to speed up large-scale production of mimic 
products. Thus, developing new biocompatible ECM-
based hydrogels as bioinks is one strategy that can produce 
an ECM microenvironment in printed skin constructions 
that resembles the original one.125 Personalised treatment 
is another application for 3D bioprinting, which enables 
the size and shape of constructs to be altered to match the 
particular wound structure of each patient. Furthermore, 
bioactive compounds can be added to acellular 3D-printed 
wound dressings by 3D bioprinting, strengthening their 

Fig. 8. 3D printing Models for DFUs therapy. Created in BioRender. https://BioRender.com/ytrcorm.

https://BioRender.com/ytrcorm
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antimicrobial and pro-healing qualities.23,126 
4-D printing (4DP) uses stimulus-responsive materials 

and smart biomaterials to transform 3D-printed items 
into various configurations. Despite limitations in 
size reduction and folding simplicity, it has potential 
for developing new dosage forms and improved DDS 
for wound healing.127 3D printing technology has 
demonstrated potential to develop new dosage forms and 
improve DDS for the treatment of wound healing.128

In addition to forecasting infection risk or healing 
trajectories, AI and machine-learning algorithms provide 
benefits by automating wound assessment using photos 
and 3D scans. Based on past research results and patient 
characteristics, AI can suggest drug dosages, dressing 
designs, and reprinting intervals. According to clinical 
research, AI wound apps support clinical integration by 
measuring and classifying DFUs with good accuracy.103 

The future proposals include (1) developing hydrogel-
compatible, low-power, disposable biosensors; (2) 
developing standard datasets and AI models for wound 
segmentation; (3) combining cloud AI and smartphone 
3D scanning to create customized dressings; and (4) 
performing early human studies to evaluate the effects 
on healing, patient adherence, and the economy. The 
practical use of smart, customized hydrogel dressings for 
diabetic wounds will be made faster by these endeavors.104

Conclusion
Stem cell-supported biological dressings, such as skin 
substitutes, might be a viable alternative of DFU treatment. 
Innovative approaches will be developed by additional 
research on biomaterials and skin substitute properties. 
Natural polymer-based hydrogels, particularly those 
derived from collagen, chitosan, alginate, and hyaluronic 
acid, are useful for treating diabetic wounds because of 
their capacity to deliver bioactive agents that promote 
the healing of DFUs, as well as their biocompatibility, 
biodegradability, and moisture retention. Though its 
application in wound healing has not received much 
attention, 3D printing technology provides customised 
treatment for DFUs. Developing 3D models, encouraging 
keratogenic cell development, and investigating 
wearable technology are some of the difficulties. Medical 
practitioners are also not well-informed on the use of 3D 
printing in the treatment of DFUs.
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