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ARTICLE INFO ABSTRACT

Keywords: Diabetic foot ulcer (DFU), one of the most significant complications of diabetes, is a condition that
Diabetic foot causes anatomical and functional alterations of the foot resulting in an important social and
Foot ulcer

economic impact, related to disability and health care costs. Recently, three-dimensional bio-
printing - which allows the fabrication of complex and biocompatible structures - has been
identified as a promising approach in the field of regenerative medicine to promote the healing of
chronic wounds, such as DFU. In this concise review we highlight the most relevant and recent
attempts of using 3D bioprinted constructs in vivo - both on animals and people - in order to treat
non-healing diabetic ulcers and prevent their worsening. Finally, we briefly focus on the future
implications of bioprinting, suggesting its forthcoming importance not only for DFU treatment but
also for other areas of clinical care.

Bioprinting
Regenerative medicine
Wounds and injuries

1. Introduction

Diabetic foot ulcer (DFU) is one of the most relevant complications of diabetes mellitus, especially in males with type 2 diabetes. Its
prevalence is estimated to be about 13 % in North America, about 5 % in Europe (5.1 %) and Asia (5.5 %), and above 7 % in Africa,
while Oceania has the lowest prevalence (3 %) [1].

This condition has an important social and economic impact because of the disability caused by anatomical and functional al-
terations and related health care costs: it was estimated by Armstrong et al., in 2017 that diabetes directly costs $237 billion in the USA,
of which one-third were attributable to care for diabetic foot disease. Moreover, it was evaluated that over 50 % of DFUs is destined to
develop an infection; of these, 17 % will probably require an amputation, with a five-year mortality up to 56 % (compared to 31 % for
all reported cancer, including breast and lung cancer, according to American Cancer Society in 2019) [2,3].

DFU is caused by a variety of factors related to diabetes such as neuropathy and arterial insufficiency, that increase the odds of
traumas and bacterial infections because of an altered proprioception and a reduced blood perfusion.

The neuropathic and/or ischaemic aetiology of DFU is associated to many factors, that influence the onset of the ulcer and its
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difficult healing. Among these, hyperglycaemia - which contributes to peripheral neuropathy, atherosclerosis, vascular damages with
dysfunction of skin and endothelial cells and altered perfusion, impairing wound healing; bacterial diversity present in diabetic skin;
altered immune cells function, that promotes a proinflammatory environment difficult to treat. Additionally, there are also other
lifestyle factors to consider, such as smoking, crucial in the worsening of the ulcer proinflammatory environment and its difficult
healing, and improper foot care or structural feet abnormalities, which can promote traumas, infections or damages to an already
compromised skin barrier (Fig. 1) [4,5].

Neuropathy, ischemia other features (such as the depth and the size of the ulcer, the swelling, the local or systemic symptoms
related to infections, the risk of amputation and others) were considered in the creation of several classifications of the severity of DFU
with relevance for clinical practice or clinical audit. Among the most used classification systems - each one evaluating different
variables and utilised for different aims - it is worth to consider the University of Texas Staging System for Diabetic Foot Ulcers
(Table 1); the Perfusion, Extent, Depth, Infection, and Sensation (PEDIS) Classification System and Score (Table 2); IWGDF Guidelines
on the prevention and management of diabetes-related foot disease (Table 3); SINBAD (Site, Ischemia, Bacterial infection, Area, and
Depth) Classification System (Table 4) and the Meggitt-Wagner classification (Table 5) [6-10].

A treatment for DFU has to be chosen according to the severity of the lesions and it can range from a specific antibiotic therapy,
along with the debridement of necrotic tissue and a proper wound care, to the amputation of the interested area, in case of severe tissue
ischemia and gangrene [4,11].

Although DFU can be prevented if the patients were instructed about correct hygiene habits and personal examination, its prev-
alence will probably increase in the next few years: ageing population, rising obesity and metabolic syndrome, the expected increase of
diabetes incidence can explain this peculiar trend. Indeed, it is estimated that 537 million adults aged 20-79 years are currently living
with diabetes (10.5 % of the world’s population in this age group) and that the total number is predicted to rise to 643 million by 2030
and to 783 million by 2045. It is also estimated that almost one-in-two adults with diabetes are unaware of their condition [12,13].

In order to underline the present and future impact of diabetes and DFU on health systems, it is relevant to report that recently a
meta-analysis set that the risk factors associated with 5-year mortality in patients with DFU were age, peripheral artery disease, chronic
kidney disease, end-stage renal disease, amputation, infections and history of cardiovascular disease, establishing the last two as the
leading causes of death in patients with DFU and highlighting the importance of a resolute prevention and management of cardio-
vascular risk factors, which significantly affect diabetics and are one of the first causes of death all over the world [14].

Normally, wound healing is a process mediated by growth factors and cytokines released by different cells activated by the immune
response: it could be altered in diabetic people because of chronic inflammation, high glucose microenvironment and altered blood
perfusion, making treatment of DFU quite difficult and slow [15,16]. Furthermore, the treatment could be more complicated and
ineffective because of quality of life factors, which could influence the adherence to therapies and medical advices (e.g. social life,
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Fig. 1. Overview on main risk factors for diabetic foot ulcer onset.
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Table 1

University of Texas staging system for diabetic foot ulcers.
GRADE

STAGE 0 1 2 3
A Preulcerative or postulcerative lesions Superficial wound (tendon, capsule, Wound penetrating to Wound penetrating to
without skin break bone not involved) tendon or capsule bone or joint

B Infection Infection Infection Infection
C Ischemia Ischemia Ischemia Ischemia
D Infection and ischemia Infection and ischemia Infection and ischemia Infection and ischemia

Adapted from Monteiro-Soares et al., Diabetic foot ulcer classifications: A critical review. Diabetes Metabolism Res. 2020.

Table 2
PEDIS classification.
GRADE
1 2 3 4
Perfusion No PAD PAD, but not CLI CLIL -
Extent Intact skin <1 cm? 1-3 cm? >3 cm?
Depth Superficial ulceration Deep ulcer involving subcutaneous tissues (e.g. Deep ulcer penetrating to bone or -
fascia or muscle) joint
Infection No infection Involving skin and subcutaneous tissues Locally severe inflammation (abscess,  Systemic
fascitis) infection

Sensation  No evidence of sensory
neuropathy

Presence of sensory neuropathy -

Adapted from Monteiro-Soares et al., Diabetic foot ulcer classifications: A critical review. Diabetes Metabolism Res. 2020. PAD = Peripheral Artery

Disease; CLI = Critical Limb Ischemia.

Table 3
IDSA/IWGDF classification system.
Clinical manifestations Infection
severity
Wound lacking purulence or any manifestations of inflammation. Uninfected

Presence of >2 manifestations of inflammation, but any cellulitis/erythema extends < 2 cm around the ulcer, and infection is limited to the skin =~ Mild
or superficial subcutaneous tissues; no other local complications or systemic illness.

Infection (as above) in a patient who is systemically well and metabolically stable but which has >1 of the following characteristics: cellulitis =~ Moderate
extending >2 cm, lymphangitic streaking, spread beneath the superficial fascia, deep tissue abscess, gangrene, and involvement of muscle,

tendon, joint or bone.

Infection in a patient with systemic toxicity or metabolic instability.

Severe

Adapted from the IWGDF Guidelines on the classification of foot ulcers in people with diabetes, part of 2023 IWGDF Guidelines on the prevention and

management of diabetes-related foot disease. This classification can be used for classifying a person with an infected ulcer.

Table 4
SINBAD classification system.

Category Definition SINBAD score
Site Forefoot
Midfoot or hindfoot
Ischemia Pedal blood flow intact: at least one pulse palpable
Clinical evidence of reduced pedal blood flow
Neuropathy Intact protective sensation

Bacterial Infection
Area

Depth

Lost protective sensation

None

Present

Ulcer <1 cm?

Ulcer >1 cm?

Ulcer confined to skin and subcutaneous tissue
Ulcer reaching muscle, tendon or deeper

O = OO MOROO

Adapted from Ince et al., Use of the SINBAD Classification System and Score in Comparing Outcome of Foot Ulcer Management on
Three Continents. Diabetes Care. 2008. Considering every item proposed in this classification, a total score between 0 and 6 could be
achieved (useful to evaluate lower limb amputation risk).
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Table 5
Meggitt-Wagner classification.
Grade Description
0 Preulcerative or postulcerative lesion completely epithelialized
1 Superficial ulcer, limited to the dermis
2 Ulcer penetrating to tendon, joint or bone (no abscess, no osteomyelitis)
3 Deep ulcer with presence of abscess
4 Forefoot gangrene

5 Extensive foot gangrene (more than two thirds of the foot)

Adapted from Alexiadou K. and Doupis J., Management of Diabetic Foot Ulcers. Diabetes Ther. 2012.

anxiety and depression) [17,18].

Thus, nowadays there is a great effort in exploring new ways of treating DFU, including the application of innovative skin sub-
stitutes, the systemic infusions of stem cells or the use of topical gels: the main objective is the achievement of a faster healing of ulcers,
that could contribute also to an important savings in terms of health care and to a reduction of amputations [19].

In this concise review we want to summarise the possibilities related to a new topical and non-invasive (or minimally invasive)
treatment for DFU based on three-dimensional bioprinting, a very promising research field because of its experimental results and
initial clinical achievements in replicating tissue three-dimensional structures, such as bone, muscles and skin [20,21]. In the future,
3D bioprinting could bring to an innovative therapeutic approach capable of preserving foot anatomy and promoting its
self-regeneration, limiting the social and economic impact of DFU.

2. Methods

In order to select the sources that allow a general and effective recap of the state of the art about 3D bioprinting and its functioning
and its relationship with DFU treatment, we utilised PubMed as our main research tool. In particular, In particular, we looked up for the
keywords “3D bioprinting” OR “bioink™ OR “printed” OR “bioprinting” AND “diabetic foot ulcer”; and “3D bioprinting” OR “bioink”
OR “printed” OR “bioprinting” AND “diabetic wounds”. The search string “3D bioprinting and diabetic foot ulcer” was also used to
identify a list of related articles on Connected Papers, an Al-powered academic database. These research tools allowed us to detect a
network of the most recent papers specifically related to the use of 3D bioprinting in chronic wounds healing, and to ease a reasoned
selection, favouring papers referring explicitly to DFU or considering diabetic wounds as one of their application fields.

In both cases, we selected papers based on their recency (specifically, a period between 2019 and January 2024 was considered for
the papers regarding bioprinting practical applications for regenerative aims), and the presence of in vitro or in vivo tests that could be
relevant in the demonstration of bioprinting treatment advantages. We tried to fully cite, giving them special relevance in this review,
the latest attempts (from 2021) of using 3D printing for DFU healing in clinical care: in this circumstance, we took into consideration
also case reports and case series.

As mentioned in our PRISMA flow chart (Supplementary File 1), we screened an amount of 233 articles (duplicates not comprised),
excluding a total of 212 papers due to their publication date falling outside of the above indicated; the lack of accessible full text
papers; and the presence of reviews or papers not focusing explicitly on bioprinting and DFU or chronic wounds healing.

The included 21 articles are cited in paragraphs 4.1 and 4.2, in which we concisely summarise the latest development in treating
DFU with 3D bioprinting, reporting especially in vivo tests.

3. Key concepts on 3D bioprinting

Biofabrication is a term referred to the creation of tissue constructs with a hierarchical architecture: it includes different techniques
- such as freeze-drying or electrospinning - that allow the creation of three-dimensional scaffolds for cell cultures. Biofabrication has
also included 3D bioprinting techniques, characterised by the use of different kinds of cells and materials to obtain high reproducibility
and organisation imitating the architecture of tissues and cellular microenvironment (including the tumoral ones) [22,23].

Table 6
Main bioprinting methods and their functioning.
Bioprinting methods Functioning Bioinks
characteristics
Extrusion-based Mechanical, pneumatic or solenoid dispenser systems deposit bioinks in a continuous form of Shear thinning
filaments bioinks
Droplet/inkjet Generation of bioink droplets by thermal, acoustic or electrical stimulation Low viscosity
bioinks
Laser-assisted and vat UV light sources (such as lasers or digital light projectors) allow to print structures by a Photopolymer
photopolymerisation photopolymerisation principle, acting on light-sensitive resins resins

Sources: Dey M, Ozbolat IT. 3D bioprinting of cells, tissues and organs. Sci Rep. 2020 - Li W et al., Stereolithography apparatus and digital light
processing-based 3D bioprinting for tissue fabrication. iScience. 2023 - Xu X et al., Vat photopolymerisation 3D printing for advanced drug delivery
and medical device applications. Journal of Controlled Release. 2021.
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Bioprinting was defined in 2010 as “the use of computer-aided transfer processes for patterning and assembling living and non-living
materials with a prescribed 2D or 3D organisation in order to produce bio-engineered structures serving in regenerative medicine, pharmaco-
kinetic and basic cell biology studies” [24] and included a wide range of printing methods (Table 6) such as extrusion-based bioprinting,
droplet/inkjet bioprinting, laser-assisted bioprinting and vat photopolymerisation-based techniques (including stereolithography,
SLA, and digital light processing, DLP) [25-27]. It is important to highlight that this categorisation could appear slightly different
among different authors, according to their backgrounds and their literature references. Moreover, nowadays researchers have tried to
combine different types of 3D printing techniques (hybrid manufacturing systems), with interesting practical implications, also in the
biomedical field [28].

Generally, it is possible to identify two main approaches to replicate tissues structures: bioprinting cells in a scaffold matrix to
support cell proliferation and growth, and bioprinting cells without using a scaffold structure [29]; in any case, all main bioprinting
techniques are based on computer aided design (CAD) and computer aided manufacturing (CAM) systems, that allow precise pro-
gramming processes and the creation of the 3D structures. Moreover, it is possible to select different kinds of material to print, the so
called bioinks, according to the purpose of the process, the cells that are eventually involved in the printing and the characteristics
required for the final product and its application. However, there could be limitations due to the lack of appropriate bioinks, which
have to meet also the requirements in terms of structural characteristics and in guaranteeing the proper bioactivity of cell types:
indeed, an ideal bioink should possess specific features such as proper mechanical, rheological, chemical, and biological character-
istics, including biocompatibility and the ability to allow cellular oxygenation and intercellular connections and communications for
regenerative aims. Additionally, it should meet the needs for a large scale production, involving also a standardisation of its
composition. A series of different materials are available for the realisation of & bioinks, both natural and synthetic, such as hyaluronic
acid, collagen, silk, gellan gum, agarose, cell aggregates, polycaprolactone (PCL), polyethylene glycol (PEG), and so on. For each of
these materials different results were recorded, in terms of cell viability and proliferation as well as functionality of final structures,
which are the main criteria in the evaluation of the quality and functionality of a bioink [22,30,31].

4. 3D bioprinting and DFU

3D bioprinting is a promising field for DFU treatment because of the possibility of creating three-dimensional structures starting
from a refined digital modelling - thanks to different CAD/CAM systems - based on patients’ anatomy and the specific characteristics of
the wound. Moreover, the digital calculation and modelling systems - which constitute the basis for the final product structure - are in
constant evolution and improvement, even in the specific field of DFU healing. For instance, we can cite the recent presentation of the
AiD Regen system, combining 2D semantic segmentation with 3D reconstruction in order to print accurate 3D wound models, with
minimal effort for the clinicians or other professionals who want to provide a personalised and adequate treatment based on the
specific features of the DFUs [32]. 3D bioprinting has been used both for promoting tissue regeneration - using biocompatible materials
- and for building tools consisting of particular polymers capable of preventing the onset or worsening of the lesions.

In the following pages we summarise some of the main remarkable attempts to promote a different approach in diabetes therapy
using 3D bioprinting, especially in vivo, both on animals and humans. At the moment none of them is largely utilised on patients, except
for some experiences in specialised hospitals or facilities.

4.1. Bioprinting for DFU - animal tests

3D bioprinting has proven to be effective in many in vivo experiments involving wound animal models, suggesting a great potential
in the treatment of lesions such as DFUs.

One of the major applications in this field is related to the fabrication of skin substitutes.

For instance, Baltazar et al. developed a new kind of skin substitute using 3D bioprinting. The point of the study was to improve the
efficacy of traditional skin substitutes, such as Apligraf (used to treat chronic wounds, including those related to diabetes), promoting
dermal vascular networks, important for a permanent engraftment: the researchers used a first bioink containing human foreskin
dermal fibroblasts, human endothelial cells derived from cord blood human endothelial colony-forming cells, and human placental
pericytes suspended in rat tail type I collagen, in order to form a dermis. The creation of this structure was followed by the printing of
an epidermis with a second bioink containing human foreskin keratinocytes. In vitro, this skin substitute proved to create microvascular
networks, and a subsequent implantation test on immunodeficient mice confirmed this thesis demonstrating that 3D printed multi-
layered vascularized human skin grafts can potentially overcome the limitations of graft survival of traditional avascular skin sub-
stitutes [33]. The chosen bioprinter was BIO X (by CELLINK), an extrusion-based printer recently used for the ideation of a protocol to
create neural tissues [34]. Similarly, Jin et al. created a full-thickness skin structure, consisting of a 1.8 mm dermal layer and a 0.2 mm
epidermal layer, thanks to a extrusion-based bioprinter and an acellular dermal matrix-based and gelatin methacrylamide-based
bioinks. The 3D structure had the capacity of maintaining cell viability in vitro and in vivo (mice models) and of promoting wound
healing [35].

Significant results were obtained also with other methods such as in situ bioprinting. Albanna et al. demonstrated the efficacy of a
skin substitute printed layering human fibroblasts and keratinocytes in a hydrogel carrier directly on full-thickness mice wounds and
porcine wounds models through an inkjet bioprinter and an integrated imaging technology (in order to mimic wounds characteristics
such as size and depth). In this study wounds treated using in situ skin bioprinting demonstrated faster wound closure compared to the
other animal control groups [36].

Moreover, it is worth to cite the experiment of Zhou et al., who created in 2020 a functional living skin with a new method involving
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a digital light based 3D printing technique and a new biomimetic ink composed of gelatin methacrylate, N-(2-aminoethyl)-4-(4-
(hydroxymethyl)-2-methoxy-5-nitrosophenoxy) butanamide-linked hyaluronic acid and lithium phenyl-2,4,6-
trimethylbenzoylphosphinate, adequate for photopolymerisation and with good biocompatibility, tissue adhesion and mechanical
properties. This method also includes in the bioink the allocation of clusters of human fibroblasts and human umbilical vein endo-
thelial cells, in order to form the skin substitute, which demonstrated to promote dermal regeneration also in vivo (rats and pigs wound
models) [37].

Recently, other authors proposed different kinds of printed skin substitutes, characterised by the loading of bioactive substances
with peculiar biological effects (e.g. improvement of tissue regeneration or decrease of inflammatory cytokines). We have considered
relevant the experience of Zhao and colleagues, who proposed a method of in situ 3D bioprinting preparing human platelet-rich plasma
(PRP)-integrated alginate-gelatin composite hydrogel bioinks and evaluating their biological effects in vitro and in vivo (mouse model).
The researchers used an extrusion-based printer and embedded the printed structures with dermal fibroblasts and epidermal stem cells.
The study showed that the integration of PRP (also known for its regenerative effects) in the in situ bioprinting process accelerated the
high-quality wound closure and modulated the inflammation [38]. A similar attempt of constructing 3D skin substitutes integrating
PRP (without an in vivo model) was performed by Del Amo and colleagues, who also explored the possibility of using bioinks including
platelet-poor plasma (PPP), demonstrating that both PRP and PPP could provide complementary molecules with multifunctional roles
in wound healing [39,40]. More recently, specifically with the intention of healing wounds induced in type 2 diabetes rats, Huang et al.
developed mouse PRP-loaded bioactive multilayer core-shell fibrous hydrogels, inoculated with fibroblasts 929 cells, thanks to a flow
assisted dynamic physical cross-linked coaxial microfluidic 3D bioprinting technique (in which the formation of core-shell fibres is
based on a coaxial microfluidic spinning technique). The constructs exhibited excellent water absorption and retention properties,
antibacterial effects and good biocompatibility. Moreover, these constructs allow a sustained and gradual release of PRP growth
factors, and were characterised by the capacity of reducing inflammation, improving the growth of granulation tissues, stimulating
angiogenesis and promoting wound healing in diabetic rats [41].

Other interesting attempts of including in bioprinted products some natural and bioactive substances comprehend the experience of
Xia and colleagues. They created curcumin-incorporated gelatin methacryloyl hydrogel scaffolds, encapsulating also adipose-derived
stem cells, with an extrusion-based bioprinter (Bio-Architect Pro; Regenovo, China). That was the first study to demonstrate the ef-
ficacy in diabetic wound healing of curcumin-loaded scaffolds including adipose-derived stem cells: specifically, the researchers
showed that this kind of 3D bioprinted scaffolds maintain good biocompatibility and promote tissue repair in diabetic wounds by the
decrease of reactive oxygen species generation and stem cells apoptosis (the experiments were conducted on nude mice models with
skin defects imitating diabetic cutaneous lesions) [42]. Another relevant attempt was made by Kim et al., who created 3D-printed
bioactive dressings for diabetic wounds, utilising Dr. INVIVO 4D6 printer (ROKIT Healthcare, Korea). They incorporated DNA from
salmon sperm and DNA-induced biosilica into 3D-printed alginate hydrogel dressings, which provided appropriate porosity, facili-
tating the absorption of exudates and blood at wound sites, and mechanical properties, protecting the wounds from deformations that
can occur during wound healing. The authors demonstrated the efficacy of these dressings on diabetic mice models, highlighting that
both the DNA and biomineralised silica acted as nano-therapeutics, enhancing the biological activities of the 3D-printed dressings (e.g.
those related to angiogenesis or anti-inflammatory activity) [43].

Finally, we want to highlight some experiences which show the therapeutic relevance of using stem cells and their metabolic
products (such as extracellular vesicles) if they are included in bioprinted constructs. Recently, Manso and colleagues described the
production of 3D bioprinted biocuratives containing human mesenchymal stem cells associated with a hydrogel matrix for healing skin
wounds in type 1 diabetes mice, evidencing that this treatment accelerated wound healing and improved skin collagen deposition [44].
Furthermore, Zhong et al. highlight the issue of stabilising exosomes in scaffolds in order to make the most of their regenerative
properties in treating DFU. They utilised decellularised pig skin to obtain a decellularised matrix (dECM). Secondly, quaternised
chitosan (Qcs) was made soluble in water and Gel-dECM-Qcs bioink was prepared by adding acellular matrix and quaternised chitosan
with temperature sensitive gelatin (Gel) as carrier. So, the researchers fabricated scaffolds with an extrusion-based 3D bioprinter and
analysed their physicochemical properties, biocompatibility and antimicrobial capacity, with positive results. Moreover, they
demonstrate the scaffolds ability to stabilise exosome loading, suggesting its eventual use in treating DFU [45]. With similar intentions
Letizia Ferroni et al. have created - using an INVIVO printer - some methacrylated hyaluronic acid patches in order to deliver
extracellular vesicles derived from mesenchymal cells cultured in a bioreactor. This kind of approach has demonstrated an
improvement of wounds epithelialisation, angiogenesis and innervation in diabetic mice with pressure ulcers [46].

3D bioprinting could also play a key role in realising customised dressing for atypical wounds in shape and size, thanks to the
fabrication of three-dimensional structures with geometric complexity. Some authors ideated a bioprintable hydrogel derived from a
combination of biodegradable polyurethane and gelatine. Thanks to an extrusion-based printing technique, they printed it in a planar
and curvilinear manner, in order to obtain different constructs and explore possible advantages in treating irregular wounds. After in
vivo tests with normal and diabetic rats, they showed that the curvilinear-bioprinted hydrogel had better structural integrity compared
to the planar-bioprinted one and that the irregular rat skin wounds treated with curvilinear-bioprinted hydrogel loaded with rat cells
(such as fibroblasts, endothelial progenitor cells, and keratinocytes) demonstrated full repair at 28 days, showing the possibility of
great advantages for this kind of customised structures [47].

4.2. Bioprinting for DFU - relevant applications in clinical care

One of the most frequent and recent clinical experience regarding the use of bioprinting for DFU is related to the treatment with
Autologous Minimally Manipulated Homologous Adipose Tissue (AMHAT), which some authors refers to as Minimally Manipulated
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Extracellular Matrix (MA-ECM) derived from adipose tissue: it is a technique that imply the harvesting of patient’s fat (generally
15-20 mL of fat from abdomen, under local or general anaesthesia) in order to print an autologous dermal substitute for healing the
ulcer. The fat, whose regenerative potential is well-known thanks to its growth factors and stem cells [48], is filtered and then
dispensed through a printing system called Dr. INVIVO, by ROCKIT Healthcare [49]: this approach guarantees a minimal manipulation
of the adipose tissue from the beginning of the process until the last phase of printing (Fig. 2). Before the printing process, a preliminary
study of the ulcer with a 3D scanner and computerised calculations allows to adapt the final product to specific wound features.

Armstrong et al. performed a pilot study to propose a customised solution for DFU with the AMHAT approach. Ten patients were
included in the study, each of them with non-healing DFU present for more than 4 weeks and refractory to standard of care therapies.
The ulcers correspond to University of Texas Grade 1-3A or Wagner grade 1 or 2. After the harvesting of patients’ fat and the
application of the dermal substitute on the clean wound, weekly visits were conducted. The complete epithelialisation of the wound up
to 12 weeks (primary outcome) happens in 60 % of the patients examined. Moreover, wound closure was achieved in an average of
49.1 days and no adverse events were observed [50]. Ahmet et al. performed another clinical prospective study, enrolling twenty
diabetic patients with DFU a demonstrating the AHMAT beneficial role in healing the ulcers. The primary endpoint was a reduction in
the size of DFU at weekly evaluations after treatment with AHMAT for 12 weeks, and the secondary endpoints were the epitheliali-
sation rate of DFU and the amount of granulation of the wound bed. INVIVO bioprinter, along with preliminary digital study of the
wound, was used, in order to create a patch with the same shape of the DFU. All but one of the wounds were completely epithelialized
at the ninth week. The mean wound areas decreased significantly at weekly assessments for the first 7 weeks of treatment and the mean
time to the complete closure of the wounds was 32.20 + 23.862 days. Only three mild subcutaneous bleeding occur, without any
relevant adverse events [51].

A randomised controlled monocentric clinical trial based on the same printing method was performed by Rajesh Kesavan and
colleagues, with an initial enrolment of 40 patients assigned to two different groups (later, 7 were lost to follow up or excluded): the
test group receives a treatment with a patch derived from their fat through Dr. INVIVO printer, and the other one receives standard
wound cares. Subjects in the test group displayed complete wound healing and re-epithelialisation at the wound site after about 4
weeks, while in the control group only 50 % of the patients achieved wound healing after a period of 12 weeks, with a slower and less
efficient healing process [52].

In addition, we deemed relevant the experience of Mohd Yazid Bajuri et al. and the case report by Hyeon Min Yoon and Woo Jin
Song. The first paper apply the same 3D-AHMAT printing technique, but explores the possibility of using a fibrin gel to stabilise the
graft and favour the healing process in a single arm study: the researchers reported positive results, with 7 out of 10 patients showing a
complete healing of DFU within 12 weeks without adverse events [53]. The second paper is based on the experience of a plastic surgery
unit treating a 78 years old woman, with a non-healing DFU and multiple comorbidities, who was recommended for the amputation of
her foot because of necrosis and worsening osteomyelitis. The patient refused the procedure and flap reconstruction for the wound was
considered impossible because of her poor vascular condition. So, the surgeons decide to apply an AHMAT graft, obtaining a great
success: at the 6 weeks postoperative follow-up the wound showcased a 50 % reduction in wound size, with the presence of healthy
granulation tissue and without sign of infection, suggesting that AHMAT graft could be considered as a solution to DFU also in complex
clinical cases [54].

A different modality of 3D bioprinting in DFU treatment related to clinical care can be found in the case series of Cassano et al., in
which the authors printed a polycaprolactone gauze. It was used to treat non-healed DFUs of a 67 years old woman and of a 78 years
old man, carrying out periodic dressing changes. In the first case a 70 % reduction in wound size and an improvement in the wound
fundus were found over a period of 109 days (with complete epithelialisation in 4 months), while in the second one complete healing of

@ Presence of a sterile
chamber and of an
adequate sterilisation
system (e.g. UV light)

Control of temperature, CO,, ®
and humidity in order to
preserve cells and
imitate in vivo conditions

® Adequate software to allow
an intuitive printing experience
and customised products

Appropriate print speed and @
ultra-precise alignment of
print tools

@ Different printheads to
fabricate complex tissues

Particles control (filters) ®

Fig. 2. Essential characteristics of a bioprinter adequate to produce human tissues for clinical use (e.g. Dr INVIVO). Credits: bioprinter image
by Freepik.
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the ulcers happened 10 weeks after the first application. Accordingly, in this case series the 3D printed polycaprolactone gauze showed
to be effective for these two non-healing DFU [55].

To elucidate the variety and the complexity of experiences on bioprinting applied to chronic ulcers and DFU, in terms of bioprinted
constructs, the in vivo tests to prove their biocompatibility and the different mechanisms of wound healing promotion, we have
summarised some key information in the table provided as Supplementary File 2.

Moreover, in Table 7 every main strategy of 3D bioprinting has been illustrated and commented, highlighting main advantages and
limitations especially related to their clinical applications. We focused on extrusion-based bioprinting because it is the most used
methodology in the field of DFU and chronic wounds treatment, both in animal models and in clinical experiences.

4.3. Other significant applications of printing technologies to prevent and cure DFU

We want to cite the use of 3D printing techniques with aims that differ from the creation of bioconstructs directly applicable on
wounds for tissue repair. In particular, we want to highlight two recent examples related to DFU prevention and to topical drug de-
livery for diabetic lesions. For instance, it is worth to cite the experience of Kumar et al., who created 3D printed customised insoles in
thermoplastic polyurethane and Kelvin lattice, specifically thought to the prevention of DFU in diabetic patients, providing optimal
combination of reduced plantar pressure and more balanced weight distribution [56].

Another relevant example is the production of polycaprolactone scaffolds for drug delivery, obtained with an extrusion-based
printer and specifically ideated for diabetic wound healing as published by Glover and colleagues in 2023: in this study, which is
based on in vitro tests, the researchers created different kinds of scaffolds (five different forms) loaded with levofloxacin, analysing
mechanical and drug release properties, showing other possible applications of bioprinting technology in treating DFU [57].

5. Discussion

During the last years 3D bioprinting was a restless research field: as already explained in this concise review, numerous and
different modalities of applications and techniques could be found in literature. Focusing on DFU treatment, we have examined only a
limited part of a vast range of eventual uses of bioprinting because this kind of biofabrication comprehends a large and billionaire
market and could be applied not only in the biomedical field, but also for a lot of industrial aims (for instance, in the food industry)
[58].

A great number of new printing methods and techniques are continuously developed, making bioprinting today a complex subject
to master technically and professionally. We concentrate our efforts in selecting and summarising different approaches to the treat-
ment of chronic wounds, specifically the diabetic ones. However, we are expecting that other different bioprinting-based approaches
will increase in the next few years, and so the possible clinical applications of related constructs. The recent development of the in situ
printing will be one of the main topics which it is worth paying attention to, because it could be revolutionary not only in the field of
DFU, but also generally for the future of surgery and clinical practice. Although nowadays there are a lot of limitations regarding the
extensive and systematic use of 3D bioprinting in clinical practice, we could imagine a future application for creating more complex
and functional structures such as 3D organs for transplantation [59].

3D bioprinted constructs are one of the most promising treatments in the field of DFU, combining the effectiveness of biocompatible
substances, the lenitive capabilities of various biocuratives and the healing effects related to the administrations of different cytotypes,
already shown in cell therapy, another promising field of tissue regeneration that has been explored over the last decade.

As illustrated in this concise review, one of the advantages in the use of bioprinting techniques can be the administration of
different kinds of cell lines which can improve wound healing. The role of cells in wound healing, fundamental in reaching the
promising result of bioprinting, has been confirmed by many attempts of using cell therapy, in which certain kind of cells (such as
keratinocytes, fibroblasts or stem cells) are administered with different methods to treat ulcers (e.g. topical administration directly on
DFU or intramuscular injection). For example, stem cells, especially mesenchymal stem cells from adipose tissue and bone marrow -
which allow autologous collection, avoiding concerns as immune rejection and ethical issues about embryonic stem cells - have been
used in many studies regarding cell therapy for DFU, demonstrating the reduction of prolonged inflammation stage and of hyper-
trophic scarring in vivo, the promotion of collagen I deposition and angiogenesis. Moreover, these cells can differentiate into other
cytotypes such as keratinocytes and endothelial cells.

However, the lack of consensus on the most effective cytotype to use, the dosage and way of administration, the limited results and
the necessity of more clinical trials limit the usage of cell-based therapy, similarly to 3D bioprinting. In the future, it would be desirable
to explore new applications in clinical practice of both approaches, evaluating their long-term efficacy, currently not entirely evaluable
[60-62].

In conclusion, 3D bioprinting has a vast field of applications: specifically for DFU, we have cited some of the most relevant and
interesting attempts to find new ways of treating diabetic wounds and apply them in clinical care. Although further studies are required
to prove the efficacy of the different researches and to achieve the routinary use of 3D bioprinted constructs in the DFU treatment, we
think that this important amount of scientific studies will bring very soon to the reduction of the impact of this even more frequent
condition.
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Comparison among the main bioprinting strategies: highlights of their limitations, advantages and possible improvement in the field of DFU

treatment.

Bioprinting strategy

Limitations

Advantages

Possible improvements -Future
outcomes

Extrusion bioprinting -
animal tests

Extrusion bioprinting -
clinical tests

Inkjet bioprinting — laser-
assisted and vat
photopolymerisation
bioprinting

1. Using human cells often requires an
immunodeficient model (immune
rejection);

2. Tests on animal models have not a
clinical validation and do not
reproduce the complexity of certain
patients (e.g. compromised
perfusion);

3. Extrusion methods require bioinks
with a certain viscosity and a
careful regulation of shear stress on
cells with in situ printing.

1. There are limited clinical trials
providing a control group to verify
the real advantage of 3D
bioprinting in DFU treatment;

2. Absence of clinical application of in
situ printing for DFUs;

3. Less characterisation of molecular
mechanism of wound healing in
favour of clinical outcomes (such as
the time of wound closure);

4. The harvest of autologous tissue
could be limited in certain patients.

The are limited applications or clinical

experiences regarding DFU treatment.

1. Extrusion bioprinting is one of the
most used techniques to create grafts,
allowing to explore a great number of
biomaterials, cells, biocuratives and
customisations;

2. Extrusion bioprinting has been used
also for in situ printing experiments;

3. Animal tests allow a good
characterisation of molecular
mechanisms of wound healing (cell
tracking, histological analysis, etc.).

1. The successful printing of autologous
cells allows to avoid immune
rejection;

2. The combination of bioprinting and
3D imaging allows to explore grafts
customisation;

3. When AHMAT constructs have been
used, they have proved a great
regenerative potential.

Some studies with animal models suggest
the possibility of using these techniques
to promote wound healing creating
complex and refined constructs.

1. Focus on the problem of immune
rejection;

2. Creation of models more adherent
to certain clinical issues in order to
refine printing techniques;

3. Improvement of shifting from the
animal model experiments to
clinical studies.

1. More clinical studies comparing
new 3D constructs and standard
cares;

2. An improvement of printing
methods to overcome some
complex clinical issues (limited
possibility of harvesting autologous
tissue or compromised recipient
bed for certain patients) and to
refine in situ printing techniques.

Necessity to improve the experiments
with these techniques in the field of
DFU to explore more applications (new
structural features, eventual
advantages in the clinical field, etc).

DFU = diabetic foot ulcer; AHMAT = Autologous Minimally Manipulated Homologous Adipose Tissue.
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