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Abstract: The vast scope of 3D printing has ignited the production of tailored medical device (MD)
development and catalyzed a paradigm shift in the health-care industry, particularly following the
COVID pandemic. This review aims to provide an update on the current progress and emerging
opportunities for additive manufacturing following the introduction of the new medical device
regulation (MDR) within the EU. The advent of early-phase implementation of the Quality by Design
(QbD) quality management framework in MD development is a focal point. The application of a
regulatory supported QbD concept will ensure successful MD development, as well as pointing out
the current challenges of 3D bioprinting. Utilizing a QbD scientific and risk-management approach
ensures the acceleration of MD development in a more targeted way by building in all stakeholders’
expectations, namely those of the patients, the biomedical industry, and regulatory bodies.

Keywords: 3D printing; customized medical device development; new medical device regulation
and quality by design

1. Introduction

3D printing (3DP), also known as additive manufacturing (AM), has revolutionized
medical device (MD) development and its scope of personalized application. Generally,
MDs are widely used in the healthcare system in prevention, diagnosis, monitoring, and
maintenance of therapy, including curative, supportive, and palliative, as well as in rehabil-
itation. According to the World Health Organization (WHO), in 30 years almost 35% of the
European population will be over 60 years of age, as compared with 25% at present [1]. This
will have major consequences on health care systems; therefore, a wider use of innovative
MDs will be paramount for the early identification of people’s health issues and their
adequate solutions for them. Enabling patients to monitor their health parameters and
become more responsive towards their own health will consequently reduce the length
of hospitalization. Additionally, in the current COVID stricken healthcare systems, we
are witnessing increased demand for medical devices due to the increased prevalence of
chronic diseases, and also a demand for portable devices to support a more sustainable
personalized homecare setting.

At the same time, the advent of 3DP is opening up a new way to design and develop
tailored MD [2]. The increasing medical needs of the aging and vulnerable population to
address their individual health issues, combined with increased patient expectations, have
catalyzed the incorporation of 3D bioprinting as a new technology for innovative solutions,
for bone prostheses, scaffolds with other bioprinted tissues and organs, personalized drug
delivery systems, biosensors, new medical devices used during the COVID-pandemic, and
other digital devices [2–4]. The current paradigm shift also affects biomedical companies
and requires them to stay competitive in the constantly changing market, hence it is critical
for them to implement steady product development and strategies to customize them
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for the needs of patients, especially those with chronic disease. In line with European
Medicines Agency’s (EMA’s) strategic reflection for 2025, it became paramount to endorse
“catalyzing the integration of science and technology in pharmaceutical development” [5]
through the innovative use of digital tools and data. These techniques offer a cutting-edge
opportunity for the production of complex customized products designed to address the
needs of the individual patient [5]. This concept is truly aligned with the vast potential of
3D bioprinting utilized in MD development and production.

However, MD design poses multiple challenges for design engineering, particularly
considering the current change created by the introduction of new medical device regu-
lations (MDR) within the European Union (EU). MD development involves a complex
collaboration between regulatory bodies, a highly diverse user base, complex interfacing
and vital procedures, and a broad range of interconnected sciences [6]. To address the com-
plexity of the medical and pharmaceutical industry, the US Food and Drug Administration
(USFDA) and the EMA continue to work hand in hand to emphasize the importance of
adopting a Quality by Design (QbD) quality management framework to facilitate successful
production development in a flexible way, integrating the expectations of the patients, as
well as the regulatory and biomedical industries [7]. Implementing QbD principles in
early phase development would facilitate successful knowledge transfer and ensure a
continuous lifecycle product management tool, which would further the acceptability of
this profoundly innovative technology of 3DP and ensure its regulatory compliance [8,9].
The introduction of the new MDR prioritizes the safe development of MDs, therefore as
adversities will be analyzed, it will support the paradigm shift away from unknown risks
towards the future application of 3DP [10].

1.1. What Does 3DP or AM Mean?

3DP bridges art and science to print in a new dimension, applying 3D printers to
metamorphose 3D computer-aided designs (CAD) into life-changing products, creating
more effective and patient-friendly pharmaceutical products and bio-inspired medical
devices [11]. 3DP was first developed almost three decades ago and it shook up the entire
industrial and scientific fields, providing swift and precise manufacturing of structures
and components with high levels of complexity that were not available via conventional
methods [12]. It covers a broad range of techniques, such as deposition, binding, or
polymerization of materials in successive layers for the manufacture of a variety of drug
delivery systems, medical devices, and complex biomedical employments [13,14].

In 2010, the American Society for Testing and Materials (ASTM) laid down a set of stan-
dards which classifies the range of additive manufacturing processes into seven categories
based on the material and technology used [15]. Medical applications of additive manufac-
turing can be categorized as: (1) medical models; (2) implants; (3) tools, instruments, and
parts for medical devices; (4) medical aids, supportive guides, splints, and prostheses; and
(5) biomanufacturing [16]. The seven ASTM standardized AM technologies are:

(A) The Binder jetting technique uses two materials: a binder and a powder-based
material. The building material is present in the powder form and the binder is in liquid
form as it acts as an adhesive between the layers of powder. Binder jetting also allows
color printing and uses polymers such as acrylonitrile butadiene styrene, polyamide,
polycarbonate, metal (stainless steel) and ceramic materials (glass) in this process. This
technique of printing is self-supported within the power bed. Typically, binder jetting is
not used for tools, instruments, or parts for medical devices [17–20].

(B) Directed energy deposition includes a more complex printing process that is
used to repair or add additional material to existing components. This process uses
material in either powder or wire form. The machine consists of a nozzle placed on a
multi axis arm through which melted material is provided onto the surface and then
solidifies. This technology is like the material extrusion process, but the nozzle moves
into all directions, as it is not fixed to a specific axis. The typical thickness of a layer falls
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between 0.25 mm–0.5 mm. The process uses metals as materials such as cobalt chrome and
titanium. This technique is utilized rarely and only in implants [21,22].

(C) Material Extrusion is the most common technique used for 3D printers and a
common extrusion process is fused deposition modelling. This technique prints layer by
layer by drawing the material through a nozzle, where it is heated [23,24]. The nozzle
moves horizontally, and the platform moves vertically up and down after each layer is
formed. The typical thickness of the layer should fall between 0.178 mm–0.356 mm [25]. The
material extrusion process is a beneficial process as it can create readily available models
with good structural and high-quality properties. This technique’s medical application is
broad [19,20,26].

(D) Material jetting involves the building of a model or structure, layer by layer.
Material is jetted through the nozzle on to the building platform either by using the drop on
demand technique or the continuous approach [27,28]. The material is filled in the nozzle
which then moves horizontally on the building platform. Later, the layers can be cured by
using UV light. The commonly used materials are polymers and waxes because of their
viscous nature and ability to form drops. Material jetting is not utilized for implants and
biomanufacturing. Polymers used are Polypropylene, HDPE (High density Polyethylene),
PS (Polystyrene), PMMA (Polymethylmethacrylate), PC (Polycarbonate), ABS (Acrylonitrile
Butadiene Styrene) & HIPS (High Impact Polystyrene) [16,29].

(E) Power bed fusion either uses electron beam or laser to melt down and fuse material
and powder together. It includes the commonly used techniques such as selective heat
sintering, selective laser melting, selective laser sintering, electron beam melting and direct
metal laser sintering [30]. All of these processes include the spreading of powder material
over previous layers. This can be performed by different mechanisms, such as a roller
or a blade. Fresh material is supplied by a hopper or reservoir. This technique’s medical
application is broad [19,20,31].

(F) Sheet lamination includes two types of techniques: ultrasonic additive manufac-
turing and laminated object manufacturing. Ultrasonic additive manufacturing involves
the use of metal sheets or ribbons such as aluminum, copper, stainless steel and titanium,
which are then bound together by using ultrasonic welding. The laminated object man-
ufacturing technique involves a layer-by-layer approach and uses paper as material and
adhesive instead of welding. This technology is utilized rarely for medical models or
phantoms [16,19].

(G) VAT Photopolymerization uses a model that is created layer by layer using vats of
liquid photopolymer resin [32]. A UV light is used to cure the resin into the desired model
and the platform moves downwards accordingly to build new layers on top of the previous
ones [33]. The typical thickness of the layer for the process should be 0.025–0.5 mm. As
this technique uses liquid for forming models or structures, there is no structural support
provided during the printing phase [34]. Hence, in this case, support structures are needed
to be added. After completion of the process, the model must be removed from the resin and
the excess resin present in the vat should be drained. This technique’s medical application
is broad [19,20,30].

The pillars of the personalized drug delivery approach incorporate the aspects of
‘Design’, ‘Develop’, and ‘Dispense’ that are mandatory for successful individualized ther-
apy. All three aspects involve artwork preparation using computer simulations or CAD
of the objects of interest [35]. 3DP-based production can provide personalized therapeu-
tic solutions for individual users, or patients with specific co-morbidities, making 3DP
extremely useful in therapies of complex medical profiles, such as epilepsy, Alzheimer’s
disease, or cancer, particularly in pediatric and geriatric populations [36,37]. Individualized
therapy promotes delivery of the right dose at the right time, maximizing the benefits of
drug therapy to achieve the required pharmacokinetic (PK) and pharmacodynamic (PD)
responses, while taking into account other parameters, such as genetic makeup, gender,
age, and weight to determine the required dose titration and forms [38]. In future clinical
pharmacy practice, the pharmacist might use 3DP technology to dispense multiple medica-
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tions immediately in a tailor-made format following the physician’s prescription [39]. The
3DP concept facilitates the use of alternative therapeutic systems, such as transdermal drug
delivery systems that ensure that the active pharmaceutical ingredient (API) is delivered
directly into the systemic circulation by skipping the first-pass effect of the liver, achieving
a speedier onset of action. A 3DP nasal patch containing polylactic acid combined with
salicylic acid has been developed for acne treatment. Moreover, 3DP has been used to
prepare transdermal patches with microneedles to deliver biomacromolecules, such as
insulin, growth hormone, melanostatin, and erythropoietin, directly into the skin, instead
of using needles [14,40]. Coating the microneedles is conventionally challenging but easy
with 3DP, where piezoelectric-driven material jetting is applied to specifically coat with the
drug solution [41]. A team from Stanford University created a promising 3DP vaccine patch
which elicits a great immune response and also allows for self-administration for those who
prefer alternative administration routes [42]. 3DP can also be utilized for rectal or vaginal
drug delivery systems via suppositories, pessaries, intrauterine devices, and surgical stents,
and are also applied to provide drugs for local and systemic therapeutic effect [43]. Finally,
using CAD simulations and imaging of a given physiological structure or body cavity
can allow for precision dosage forms, achieving individualized and patient-centric drug
therapy [44,45]. Table 1 represents the application of 3DP medical devices.

1.2. Scope of 3D Bioprinting

Various types of additive manufacturing techniques have been developed which
include using cells and biomaterials for the fabrication of tissues and organs such as
inkjet-based 3D bioprinting, laser assisted 3D bioprinting, stereolithographic based 3D
bioprinting, and extrusion-based 3D bioprinting [46].

Inkjet based 3D bioprinting involves the passing of sequential drops of bioinks on a
surface using thermal piezoelectrics or electromagnetic effects. It includes the usage of cells
and biomaterials. Cells include neonatal human dermal fibroblasts, dermal microvascular
endothelial cells, epidermal keratinocytes, and human chondrocytes. Biomaterials include
collagen, fibrinogen, thrombin, poly (ethylene glycol) and dimethacrylate (PEGDMA). This
technique can be used for better wound contraction and tissue integration, and comes with
some benefits such as its easy availability, inexpensive cost, and that it is a high-speed
technique. However, it also lacks precision [47–49].

Extrusion-based 3D bioprinting involves the passing of bioink through a nozzle
under pneumatic or mechanical forces. Cells used include human keratinocytes, fibroblasts,
chondrocytes, HUVECs (Human umbilical vein endothelial cells) and MSCs (mesenchymal
stem cells). Biomaterials include alginate, hyaluronic acid, fibrinogen, glycerol, collagen,
and gelatin. This technique is used for the reconstruction of facial wounds, cartilage or
3DP of endothelialized-myocardium-on-a chip. The benefit of this technique is that a
high viscosity bioink can be used and cells can be printed in greater density, but the cell’s
structure can be distorted because of the undue stress of density [23,50].

Laser assisted 3D bioprinting is used to evaporate bioink and cell suspensions placed
at the bottom of a ribbon, which is then moved on to the receiving substrate. The cells
used include HUVECs, mouse fibroblasts, human keratinocytes, and MSCs. Biomaterials
cover collagen, nanohydroxyapatite and human osseous cell sheets. This technique can be
used for soft tissue regeneration and bone and skin grafting. A high degree of precision
and resolution can be achieved in this process, but it is an expensive and time-consuming
technique [51–53].

Stereolithography based 3D bioprinting is used to cure photocurable bioink in a
layered manner. Cells include the MCF-7 breast cancer cell, HUVECs, C2C12 skeletal
muscle cells, osteoblasts, fibroblasts, mesenchymal cells, BrCa (breast cancer) and MSCs.
Biomaterials include PEGDA (Poly (ethylene glycol) diacrylate) and GeIMA, GeIMA and
nHA (Nano-hydroxyapatite). This technique can be used for preparing a model for post-
metastatic breast cancer progression investigation in bone. A high degree of accuracy can
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be achieved with low printing time, but this technique is highly complicated and also has a
lengthy post-processing time [54–56].

Generally, native tissues are of more complex structures than engineered constructs,
and therefore it is critical to develop functional and biomimetic tissue-like constructs [57].
It is also important to consider the different development stages that the printed tissues
often need to undergo, including cell viability, implantation, integration, and remodeling
in vivo. Mimicking heterogeneous and complex native tissues have been made possible
by bioprinting and by using multicomponent crosslinkable bioinks that can solidify to
maintain stable constructs. In principal, shear-thinning biomaterials that are injectable
under the application of shear force, show a capacity to quickly self-heal, and are popular
as they reform once the shear stress is removed [58]. Challenges related to multicomponent
bioinks include the fast degradation properties of hydrogels that have been used for 3D
bioprinting of heterogenous and biomimetic structures.

The biomedical applications of 3DP include the creation of artificial structures [59], for
example to replace deformed bones in orthopedic [60,61] and dental [62] surgeries, or to
form facial reconstruction, artificial ears, noses [63], hearts [64], cornea [65], retina [66], or
cardiac pacemakers [67]. CAD programs use CT scans and MRI imaging to develop surface
topographic images of complex physiological structures, which then guide 3DP devices to
create very precise, artificial structures to replace damaged organs [68,69].

The advantage of 3DP tissues and organs for transplantation will greatly affect trans-
plantation lists, given the shortage of donor organs [70,71]. A primary function of bioprint-
ing is to create a functional physiological microenvironment where the essential printed
scaffold is done for subsequent cell seeding or direct cell printing [72–74]. Biomaterials such
as collagen, hydrogels, and other fabricated materials are applied in bioprinting to directly
build 3D tissue-like structures. Moreover, stem cells, cultured on hydrogel substrates, are
also applied as bioinks for printing [75,76]. A range of functional characteristics, such
as material strength, porosity, and network structure determine the quality of printed
organs [77]. The low cost of printing, high accuracy in organ replication, and rapidity of
manufacturing, imaging, and visualization are additional advantages of 3D bioprinting
over traditional regenerative methods [78]. IJP and material extrusion printing are typical
printing methods applied for printing tissues and organs. Using these techniques, bioink
or functional material is deposited on a substrate in accordance with a digital image of the
required organs or tissues that was produced by CAD simulation software. When printing
complex organs, where blood vessels and capillaries are implanted within the structure, a
layer-by-layer deposition technique produces the required spaces within the organs [79].
Figure 1 represents the steps of the 3D bioprinting methodology.
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A review of the literature indicates that the 3DP methodology has been successfully
used to 3DP organs, including whole human organs such as the heart and heart valves from
human tissue [80]. A mix of hydrogels originating from fatty acids with human tissues was
applied as a bioink to create the organ by IJP [81]. The printing process took 3–4 h to print
a heart with basic blood vessels [82]. A successful mitigation of tracheobronchomalacia
(TBM) with 3DP personalized medical devices in three pediatric patients grabbed the
world’s attention [83]. According to the literature, a multidisciplinary team designed a
prototype that allows “radial expansion of the affected airway during the critical growth
period, while resisting external compression and intrinsic collapse” [83]. The team reported
that the three pediatric patients with severe TBM were successfully treated with the 3DP-ed
personalized bioresorbable MD [83].

3DP has also been attempted for creating urinary bladders at Boston Children’s
Hospital [84]. Furthermore, 3DP has been considered for the production of human eyes,
ears, retina, and cornea in order to restore and replace accidentally damaged structures and
birth defective structures [85]. 3DP has been especially beneficial in orthopedic indication
as bone prostheses to replace certain parts of bones, joints or discs due to age-related or
trauma-related damage, or as a result of birth defects [86,87], as well as in complicated
reconstructive dental surgeries [88]. The release of drugs with complex release profiles
can also be achieved using 3DP implants [89]. Overall, there is an increasing substantial
scientific literature to support the “advantages of digital healthcare procedures with the
aid of bioprinters to make reconstruction, transplantation or regeneration of the damaged
organs and tissue constructs of the human body possible” [42,90].

It is very common for amputees to wait weeks or months to receive their prosthetics
through normal manufacturing routes. However, 3D bioprinting speeds up the whole
process and can create functionally identical products more rapidly and inexpensively [91].
The lower price is an advantage for children, as they quickly outgrow their prosthetic limbs.
The first use of 3DP prosthetics dates back to 2012 [92]. A novel technique of bone tissue
regeneration is to use scaffolds as a temporary structure that induce bone regeneration
and that will eventually be absorbed by osteoclasts. The scaffolds support the weight-
bearing movements of the patient, while the underlying physiological process of bone tissue
regeneration is achieved [93,94]. Selection of suitable materials in bioprinting is critical, as
they determine the performance of a particular application. In the selection of bio-materials,
the following aspects need to be carefully considered such as printability, biocompatibility,
byproducts, kinetics of degradation, mechanical and structural characteristics, and material
biomimicry [95].

Furthermore, using 3D medical imaging, virtual surgeries now allow cooperation
between the surgeon and the specialized engineering team to study and manipulate within
a virtual environment and create the optimal solution for the restoration of the defective part
or organ to its physiological function [96]. While a virtual operation strategy can identify
hindrance, constraints, and risks of the surgery, it also improves technical performance
and confidence during the actual procedure and makes technically impossible surgeries
possible [86,97].
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Table 1. Application of 3D printed Medical Devices.

Type of Use Examples Advantages Ref

Personalized therapy Personalized compounding

Suitable for geriatric use,
pediatric use, or for

patients with
Alzheimer’s disease

[98–100]

Wearable devices 3DP-ed electronics for MD

Enables real-time
monitoring of chronic

medical conditions and
transmission of data to a
patient’s mobile device

[101,102]

Alternative drug
delivery system

Topical masks and wound
dressings, transdermal

needles

Drug-eluting patches for
transdermal application [100,103]

Personalized MD

Orthodontics,
prosthetics, implants

vascular stents, orthopedic
implants, artificial joints,

and heart valves

Drug-eluting implants,
resorbable or

permanent implants
[73,74,104]

Tissue engineering Scaffold-based bioprinting
for tissues and organs

Potential alternative to
transplantation due to
lack of human donors

[100,105]

Surgical models Pre-operative planning and
intra-operative guides

Enhances success of
surgeries, reduces

complications such as
blood loss or even

patient loss

[106]

Drug Discovery
Drug screening on printed

tumor cell lines or other
cell lines

Alternative to human or
animal models [107,108]

Microfluidic
bioprinting for

organ-on-a-chip models

They reflect the structural,
microenvironmental and
physiological function of

human organs

Drug validation testing as
an alternative to animal

and human models
[109]

Surgical tools Forceps, hemostats, scalpel
and clamps Low-cost production [110]

1.3. The Advent of Adapting a Quality by Design Strategy

Quality by Design (QbD) was a notion first established by the quality pioneer Joseph
M. Juran [111]. Juran believed that the product design should consider product quality,
which helps with avoiding the poor initial product design [112]. The US Food and Drug
Administration initiated the QbD programs in the pharmaceutical and biotech industries
in 2004 to develop carefully designed products, services, and processes, considering all
aspects of their lifecycle. Furthermore, QbD had been used and proved to be effective in
many other industries for more than 40 years [113].

This concept concentrates on achieving process control via a deep understanding of prod-
ucts and processes applying science, engineering, and quality risk management [114,115].
QbD results in accelerated research timelines and reduced development costs, avoids
trial-and-error studies and concentrates on testing methods geared towards product de-
velopment [112]. The principles of a QbD approach are outlined in the International
Council of Harmonization (ICH) guidelines, specifically ICH Q8 (R2) (Pharmaceutical
Development), ICH Q9 (Quality Risk Management), and ICH Q10 (Pharmaceutical Quality
System) [112,116,117]. The step-by-step cycle diagram in Figure 2 illustrates the QbD model
followed for the R&D stage that was previously suggested by Gurba-Bryśkiewicz et al. [118]
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and then further developed by Martinez-Marquez et al. to facilitate industry translation of
custom 3DP bone prostheses [2].
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1.4. Steps of Quality by Design

The first imperative step of the QbD step-by-step cycle diagram is the definition of
the quality target product profile (QTPP), in which the essential parameters of the future
product are set from the patient’s and the regulatory point of view, ensuring that the clinical
requirements are met [119–121]. Beyond users’ needs in relation to product safety and
sales, the QTPP should also examine the market success of the relevant device [122–124].
The target quality characteristics of customized 3D printed MDs are defined by three
sets of quality aspects: the user-based approach, meaning serviceability, aesthetics, and
perceived quality; the manufacturing-based approach, focusing on conformability and
durability; and then the product-based approach, encompassing performance, features,
and reliability. All three quality aspects define our understanding of the market for medical
devices [2]. Overall, the expectation of all stakeholders, namely the patients (satisfaction
and adherence), users (satisfaction), regulatory bodies and the medical device industry are
all incorporated in the definition of QTTP.

Once QTTP is defined, the next step is an effective identification of critical quality
attributes (CQAs) based on a scientific and risk management rationale, considering prod-
uct knowledge and business and regulatory requirements [114]. CQAs can be chemical,
mechanical, biological, or microbiological [2], and identifying them is of paramount impor-
tance, as they affect the final device quality and performance properties, directly influencing
safety and efficacy. Following an extensive review of design and fabrication methods for
3D printed MD, it is recommended to present the research outcome in a fabrication process
flow diagram [125]. The next step is the identification of critical process parameters (CPPs)
and critical material attributes (CMAs). To collect all of these impacting and relating pa-
rameters there are several quality managements tools to be used, for example Ishikawa
diagrams, decision tree or Pareto analysis, etc. During the risk identification process, the
Ishikawa fishbone diagram visually presents the cause-effect relationship between the
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critical parameters and the CQAs of the QTTP. The main critical factors are usually grouped
into major aspects related to method, machine, materials, and person [126].

Risk assessment ensures a high quality product, identifying and controlling potential
risk that is critical during development and manufacturing. Using the appropriate software,
the qualitative links form the basis of calculating the severity scores. Results of the assess-
ment are generated and presented in Pareto diagrams, listing numeric data and ranking
CQAs and CPPs representing the potential effect on the final product. Assessing the factors
beforehand creates a fundamental basis of how these parameters are related. Data must be
collected from the literature, and the process requires a comprehensive understanding of
regulatory requirements [119,127].

After the risk assessment, categorized risks, associated design, and fabrication pro-
cesses of the target product need to be evaluated to define the Design Space. Operating
within the DS is part of the control strategy, meaning the DS is associated with the control
strategy, ensuring that the manufacturing process produces the desired 3D printed MD
that meets QTPP. By the implementation of the control strategy, the required device quality
can be ensured.

In essence, QbD saves both time and resources through a better understanding of the
CPPs, CMAs, and CQAs, and ultimately develops a robust and reliable production method
to optimize product safety, efficacy, and quality from early stage development [128].

1.5. New MDR in the EU
1.5.1. Major Improvements in New Regulation

As of 26 May 2021, the 2017/745 MDR officially superseded the 93/42/EC Medical
Device Directive (MDD), which had been in effect since 1993 with several necessary up-
dates, due to the emergence of technologies which challenged the previous framework,
highlighting gaps and the scarcity of expertise [128].

The new MDR sets high requirements for quality and safety of MDs, and covers two
key segments in MD manufacture and distribution within the EU: the manufacturing of
a device and the associated software of a device. The new regulation emphasizes market
unity and the alignment of requirements. The major improvements brought about by the
MDR are the following:

A medical device is now determined as “any instrument, apparatus, appliance, soft-
ware, implant, reagent, material, or other article intended by the manufacturer to be used
for human beings, alone or in combination, for one or more of the following specific
medical purposes: diagnosis, prevention, monitoring, prediction, prognosis, treatment, or
alleviation of disease” [129] (MDR, Article 2.1) [130].

1.5.2. Reclassification to a Stricter Medical Device Classification

Medical devices are classified based on their risk by applying specific rules (given in
MDR Annex VIII1 and in EC guidance 7) that factor in the intended purpose of a device and
its inherent risks. Manufacturers of invasive devices designed for implantation, surgeries
and other devices described as active, including the software used with such devices, are
more strictly classified. These significant changes affected medical devices that previously
were class 1 or lower and that now fall into class 2a [131].

MDs in direct contact with the central circulatory system or spinal cord are all defined
as high-risk and pass from class II to class III [132]. The new MDR also covers the risk
issues of nanomaterials used for medical devices. Those nanomaterials that are in contact
with membranes inside the body will fall under the highest risk class, and therefore need
to go through the most stringent conformity assessment procedures [133].

1.5.3. Increased Traceability

The MDR introduces a new system of unique device identification (UDI) to enhance
the identification and traceability of medical devices. It is applicable to all MDs that enter
the market, except for custom-made devices [134]. A new database of medical devices
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that has been introduced in the European Union, called EUDAMED, provides all the
information about the devices and is accessible to all relevant stakeholders, users and
regulators [135]. With the introduction of implant cards, patients are allowed to identify the
summary of a device’s safety and clinical performance in EUDAMED. Overall, the purpose
of the new system is to strengthen market surveillance and transparency in the medical
device field [136].

1.5.4. Heightened Attention on the Quality Management System

The quality management system now also incorporates the procedure for clinical
evaluation and maintenance of a post-market surveillance (PMS) system, as well as post-
market clinical follow-up for every product. This encompasses proactive performance
monitoring of the recertification device, annual safety updates for high-risk class devices,
and the prompt recording of incidents [137,138].

1.5.5. Tighter Clinical Evaluation Requirements

Clinical evaluation is determined as “a systematic and planned process to continuously
generate, collect, analyze, and assess the clinical data pertaining to a device in order to
verify the safety and performance, including clinical benefits, of the device” (MDR Article
2.44) [139]. This requires the collection of clinical data available in the literature and
the organization of necessary clinical trials. All implantable medical devices and class
III medical devices must now undergo clinical trials, with only a few exceptions [132].
For all Class III and IIb devices intended to manage a drug (in or out of the body), the
manufacturer may consult with a group of EU experts in order to gain their opinions on
the clinical development plan [140].

1.5.6. Supervision of Notified Bodies

The MDR contains more requirements regarding the designation of notified bodies that
are now supervised by national competent authorities and the European Commission [141].

1.5.7. Introduction of an Independent Expert Panel

In classes IIa, IIb and III, the notified body now needs to go through conformity assess-
ments of all devices produced for CE marking. As per Article 54 of the regulation, certain
Class IIb devices may undergo a non-obligatory consultation procedure by an independent
expert panel, while such consultation is obligatory for class III devices intended for implan-
tation. The consultation is based on a clinical evaluation analysis report from a notified
body [142].

1.5.8. Flexibility to Allow Innovation in the Renewed Regulatory Framework within the EU

To keep up with future progress, the new regulations contain many provisions to
increase security and regulatory certainty, such as harmonized rules on drug-device combi-
nation products, tissue engineering, nanoscience, personalized medicine, substance-based
devices, and genetic tests. The provisions also take into account the latest developments in
the sector related to medical software, apps, and cybersecurity [116].

To support innovation, the new regulatory system flexibly allows special devices
to be available under certain circumstances. In other words, such devices are exempt
from formal clinical evaluation before use, and they are not CE-marked. If they meet
certain conditions, then this covers custom-made devices (MDR Article 21 and Annex
XIII), devices manufactured and used within the same health institution (Article 5.5), and
devices authorized by competent authorities in the interests of patient safety or public
health (Article 59). “A health institution that manufactures a device under Article 5.5 must
publicly declare that the device meets general safety and performance requirements” (MDR
Article 5.5.e.iii) [143].

Investigational devices that are undergoing clinical evaluation are also not CE-marked
(MDR Article 21). Investigators may seek single assessments from several EU regulatory
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agencies (MDR Article 78). It is then mandatory that comprehensive results of all investiga-
tions of new devices are published in the scientific literature. In the case of a genuine, unmet,
clinical need in a life-threatening circumstance for an individual patient, physicians can
apply to their national regulatory agency for approval to use a device that is not CE-marked.
However, regulators have stipulated that experience gained from such ‘compassionate
use’ cases cannot be accepted as sufficient clinical evidence for conformity [144]. Overall,
the customizability and unique build processes of 3D printed medical devices constitute
challenges for regulatory requirements related to quality assurance in manufacturing [145].
Therefore, to prevent unevenness in end-product quality, a QbD approach is advised to
be used with an in-depth understanding of critical material attributes, critical process
parameters, and in-process analysis, in addition to finalized, product testing parameters for
product quality consistency [146,147]. Working within a QbD principles- driven framework,
which is supported by the regulatory bodies, is likely to provide leading-edge solutions for
quality issues during the developmental phase and could facilitate lifecycle management
tools for custom-made devices [148]. Figure 3 summarizes the merits of adopting 3DP in
developing an MD.
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1.6. Barriers to 3D Printed Medical Device Innovation

In the coming years, the technologies and materials for 3DP are expected to grow
exponentially, but the applications in the healthcare system may not grow proportionally.
The focus on the use of 3DP will likely continue in those clinical applications that are
currently the readiest and most tested in adopting this technology [149].

The barriers to the innovation of 3D printed MDs are mainly regulatory issues, intellec-
tual property rights (IPR), patient issues and publication, technology and material failures,
ethical considerations, security, medical practice patterns, reimbursement and pricing and
subsequently the issue of market size and penetration, meaning the application will most
likely be used in developed countries [150], as presented in Figure 4.
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Additionally, safety presents a critical regulatory hurdle in the field of 3DP. Especially
with regard to the aspect of bio-printing, safety issues focus on the risks linked with un-
dertaking medical procedures outside professional medical settings. A European analysis
of 3D bioprinting for medical and enhancement purposes indicates that "the side effects
of bio-printing have barely been assessed questions about biomaterial degradation, tissue
integration, biocompatibility, and continuous tissue synthesis during material degrada-
tion". The printing materials and process also present safety concerns. The application of
novel polymers, sometimes incorporated with nanoparticles, may have long term risks for
implants, making post-marketing surveillance and registries vitally important [151].
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Standardization of the starting materials and analysis techniques for 3DP objects have
been flagged as a priority, as has the use of an international database of key performance
metrics, which will simplify quality assessment and facilitate the repeatability and safety of
the final products [152].

In conclusion, the challenge to large-scale adoption of 3DP is a combination of
“high potential/high barriers”. The main obstacles to bringing 3DP into the mainstream
healthcare system are regulatory, technological, and technology-related investment chal-
lenges [77,153,154]. However, once more experience has been gained with 3DP MDs, then
a turning point will be reached, and following the FDA’s approach, the European Union
will move in the same direction. First, however, the main challenges need to be overcome
before we can fully harness the personalized capacities of this technology, in the form of
implantable devices or new delivery systems available directly in hospitals or in clinical
pharmacies [39].

1.7. Emerging Technologies and Devices Facilitated by the COVID-Pandemic

According to a Eurohealth release, “prior to the COVID-19 pandemic, also known as
the coronavirus pandemic 2019, there was much unrealized potential in the use of digital
tools across Europe”. The pandemic facilitated and sped up the acceptance of the use of
digital health technologies, as many digital health tools became an imminent necessity
to support communication, information, surveillance, and monitoring in addition to the
rollout of vaccination programs [127,155–160].

Beyond the vast palette of quickly developed COVID-related devices, the use of
digital health technologies was accelerated with electronic-diaries, remote patient monitor-
ing, quick diagnostic kits and wearable devices, such as “accelerometers to track activity,
glucometers to track blood glucose levels and devices to monitor heart rates” [161,162].
Telemedicine ™ is becoming increasingly popular in many medical fields including “Neurol-
ogy, Ophthalmology, Psychiatry, Dermatology, Pediatrics and Allergy” [163–165], especially
in the absence of in-person visits. TM overcomes two main obstacles that patients encounter
when seeking health care: distance and time. Remote patient monitoring encompasses the
use of devices, smartphones and applications that can directly report objective information
to the monitor, which excludes data distortion due to patient bias. The availability of the
large data set gained from digital monitoring allows further analysis and thus has the
potential to finally realize personalized treatment, which supports the current paradigm
shift [166,167]. The use of TM and other medical devices, particularly combined with
information technologies, have the potential to bring about a transformational change in
health care by altering the interaction process between patient and provider [168]. This
shift is being supported by the current concept in the EU. According to Eurohealth it is now
emphasized t“at “European Union funding and initiatives such as the European Health
Data Space will support progress in this ”rea” [127].

Unlike the current system, the use of TM, especially when merged with information
technologies such as electronic health records and data, has the potential to transform the
way health-care is managed by creating new patient and provider interactions. The nine
stages of transformational change described by Tipton are the following: “1. Status Quo,
2. Denial, 3. Righteous resistance, 4. Pleading, 5. Despair or skepticism, 6. Tolerance, 7.
Acceptance, 8. Agreement, and 9. Advocacy” [157].

Currently, a few leading, developed countries are moving beyond tolerance towards
acceptance by most health care organizations, the seventh step out of the nine steps of
transformational change as defined by Tipton. According to Tripton’s theory, ‘Once the
technology has passed the tolerance stage, it is difficult to return to the old way of care,
which was restricted to episodic in-person visits’. Therefore, a shift is anticipated ‘toward
agreement and eventually we expect advocacy to become widespread’, at least in developed
countries [166]. Tripton’s theory is most likely to be applicable for patients who are opting
for the application of new generation of 3D printed digital devices.



Biomedicines 2022, 10, 2947 14 of 21

The best example of the application of smart 3D printed medical devices is the nano-
structure cellulose base-3D printed smart dressing which allows healing and wound moni-
toring. A tailored 3D printed cast that contains a low intensity pulsed ultrasound system
heals damaged bone 38% faster than achieved by the conventional way. Tailor-made heart
sensors are life-saving sensors for which 3D printed technology is used to facilitate the
stretchy sensor to be built around the patient’s heart [42]. These are just a few examples
for the most groundbreaking 3D printed medical devices that have been developed in
recent years.

2. Conclusions

Overall, MD innovation has brought enormous benefits to patients, especially in the
developed world. 3DP or additive manufacturing swiftly percolated to MD development,
harnessing it to create customized devices with unique compositions and structures, target-
ing unmet clinical needs in the health care system. Powerful capabilities of 3DP introduced
new challenges such as patent issues, ethical consideration, regulatory incoherence across
the world, hurdles with maturing of multicomponent bioinks in addition to scaling up and
standardization of bioprinting processes. Beside these challenges, our review focused on
the following findings in relation to 3DP advancement in MD development.

- Quality and safety aspects have been partly remedied by the MDR introduced in
the EU in May 2021. The new MDR allows application of this technology for unmet
clinical needs, which serves as a first step in the evolution and wider use of this
profoundly innovative, customized production method. Regulations are harmonized
within the EU that may facilitate the wider use of 3D implants in clinics.

- The current standardization methods used for traditional production are not appro-
priate for 3DP technology. Additive manufacturing incorporates new technologies
and continuously emerging new biomaterials in the biomedical field. Therefore, 3DP
technology still remains to complement rather than replace traditional manufacturing
techniques in the near future.

- The design and fabrication of customized implants requires multiple steps that might
lead to imperceptible errors, affecting the final product and, consequently, patient
safety. Therefore, triumphant knowledge transfers of this new design and manufac-
turing method in the industry requires more integrative technology transfer, which is
concurrent with multi-disciplinary cooperation.

- The Quality by Design quality management framework offers an integrative tool
to build quality and safety into the product development processes, facilitating the
incorporation of changes, iterations and improvements. Based on a risk assessment
evaluation, it allows some modification, yet following the appropriate steps in the
required roadmap, it ensures a target product with the associated quality requirements.
QbD has already preferably and successfully been used in the pharmaceutical industry,
and it has the proven capability to successfully foster the wider integration and
acceptance of 3DP in MD development and manufacturing.

Funding: This work was funded by Ministry of Innovation and Technology of Hungary from the
National Research, Development and Innovation Fund, financed under the TKP2021-EGA funding
scheme.

Data Availability Statement: Not applicable.

Acknowledgments: Project No. TKP2021-EGA-32 has been implemented with the support provided
by the Ministry of Innovation and Technology of Hungary from the National Research, Development
and Innovation Fund, financed under the TKP2021-EGA funding scheme.

Conflicts of Interest: The authors declare no conflict of interest. The authors declare that they have no
known competing financial interests or personal relationships that could have appeared to influence
the work reported in this paper.



Biomedicines 2022, 10, 2947 15 of 21

Abbreviations

Medical Device (MD), World Health Organization (WHO), Additive Manufacturing (AM), Medical
Device Rules (MDR), European Union (EU), Quality by Design (QbD), 3-D printing (3DP), Computer-
Aided Designs (CADs), Binder Jet Printing (BJP), Fused Deposition Modeling (FDM), Semi-Solid
Extrusion (SSE), Selective Laser Sintering (SLS), Stereolithography (SLA), Pharmacokinetics (PK),
Pharmacodynamics (PD), Computed Tomography Scan (CT scan), Active Pharmaceutical Ingredient
(API), Magnetic Resonance Imaging (MRI), Tracheobronchomalacia (TBM), Critical Process Parame-
ters (CPP), Critical Material Attributes (CMA), Critical Quality Attributes (CQA), Medical Device
Directive (MDD), European Database for Medical Devices (EUDAMED), Post-Market Surveillance
(PMS), Intellectual Property Rights (IPR), Telemedic™ (TM).

References
1. Chung, D.S.; Park, P.S.; Jeon, S.; Shin, S.M.; Han, J.W.; Lee, C.; Mun, A.; Mun, W.; Shin, Y.J.; Kim, L. Common Methods of

Contraception Used at Monkey Bay Community Hospital in Mangochi District, Malawi. Adv. Infect. Dis. 2021, 1, 13. [CrossRef]
2. Martinez-Marquez, D.; Mirnajafizadeh, A.; Carty, C.P.; Stewart, R.A. Application of quality by design for 3D printed bone

prostheses and scaffolds. PLoS ONE 2018, 13, e0195291. [CrossRef] [PubMed]
3. Sukanya, V.S.; Panigrahy, N.; Rath, S.N. Recent approaches in clinical applications of 3D printing in neonates and pediatrics. Eur.

J. Pediatr. 2021, 180, 323–332.
4. Lamprou, D.A. Emerging technologies for diagnostics and drug delivery in the fight against COVID-19 and other pandemics.

Expert Rev. Med. Devices 2020, 17, 1007–1012. [CrossRef]
5. European Medicines Agencies Network Strategy to 2025 Protecting Public Health at a Time of Rapid Change. European-Union-

Medicines-Agencies-Network-Strategy-2025-Protecting-Public-Health-Time-Rapid-Change_en.pdf. 2020. Available online:
https://www.ema.europa.eu/en/documents/report/european-union-medicines-agencies-network-strategy-2025-protecting-
public-health-time-rapid-change_en.pdf (accessed on 9 November 2022).

6. Martin, J.L.; Norris, B.J.; Murphy, E.; Crowe, J.A. Medical device development: The challenge for ergonomics. Appl. Ergon. 2008,
39, 271–283. [CrossRef]

7. Mohurle, M.S.M.; Asnani, M.D.A.J.; Chaple, D.R.; Kurian, M.J.; Bais, M.A.G. Quality by Design (QbD): An Emerging Trend in
Improving Quality & Development of Pharmaceuticals. Saudi J. Med. Pharm. Sci. 2019, 5, 1132–1138.

8. Csóka, I.; Pallagi, E.; Paál, T.L. Extension of quality-by-design concept to the early development phase of pharmaceutical R&D
processes. Drug Discov. Today 2018, 23, 1340–1343.

9. Akel, H.; Ismail, R.; Katona, G.; Sabir, F.; Ambrus, R.; Csóka, I. A comparison study of lipid and polymeric nanoparticles in the
nasal delivery of meloxicam: Formulation, characterization, and in vitro evaluation. Int. J. Pharm. 2021, 604, 120724. [CrossRef]

10. Migliore, A. On the new regulation of medical devices in Europe. Expert Rev. Med. Devices 2017, 14, 921–923. [CrossRef]
11. Choonara, Y.E.; du Toit, L.C.; Kumar, P.; Kondiah, P.P.; Pillay, V. 3D-printing and the effect on medical costs: A new era? Expert

Rev. Pharmacoecon. Outcomes Res. 2016, 16, 23–32. [CrossRef]
12. Gupta, V.; Nesterenko, P.; Paull, B. 3D Printing in Chemical Sciences; The Royal Society of Chemistry: London, UK, 2019.
13. Palo, M.; Holländer, J.; Suominen, J.; Yliruusi, J.; Sandler, N. 3D printed drug delivery devices: Perspectives and technical

challenges. Expert Rev. Med. Devices 2017, 14, 685–696. [CrossRef] [PubMed]
14. Norman, J.; Madurawe, R.D.; Moore, C.M.; Khan, M.A.; Khairuzzaman, A. A new chapter in pharmaceutical manufacturing:

3D-printed drug products. Adv. Drug Deliv. Rev. 2017, 108, 39–50. [CrossRef] [PubMed]
15. ISO/ASTM 52900:2021(en); Additive Manufacturing—General Principles—Fundamentals and Vocabulary. ISO/Online Browsing

Platform (OBP): Geneva, Switzerland, 2021.
16. Salmi, M. Additive Manufacturing Processes in Medical Applications. Materials 2021, 14, 191. [CrossRef] [PubMed]
17. Additive Manufacturing Research Group. About Additive Manufacturing—Binder Jetting. 2022. Available online:

https://www.lboro.ac.uk/research/amrg/about/the7categoriesofadditivemanufacturing/binderjetting/ (accessed on 4
November 2022).

18. Ian Gibson, I.G. Additive Manufacturing Technologies 3D Printing, Rapid Prototyping, and Direct Digital Manufacturing; Springer:
Berlin/Heidelberg, Germany, 2015.

19. ASTM F2792-12a; Standard Terminology for Additive Manufacturing Technologies. ASTM International: West Conshohocken,
PA, USA, 2012.

20. Trombetta, R.; Inzana, J.A.; Schwarz, E.M.; Kates, S.L.; Awad, H.A. 3D Printing of Calcium Phosphate Ceramics for Bone Tissue
Engineering and Drug Delivery. Ann. Biomed. Eng. 2017, 45, 23–44. [CrossRef]

21. Additive Manufacturing Research Group. About Additive Manufacturing—Directed Energy Deposition. 2022. Available online:
https://www.lboro.ac.uk/research/amrg/about/the7categoriesofadditivemanufacturing/directedenergydeposition (accessed
on 4 November 2022).

22. Chen, Y.; Zhang, X.; Parvez, M.M.; Liou, F. A Review on Metallic Alloys Fabrication Using Elemental Powder Blends by Laser
Powder Directed Energy Deposition Process. Materials 2020, 13, 3562. [CrossRef]

http://doi.org/10.4236/aid.2021.111003
http://doi.org/10.1371/journal.pone.0195291
http://www.ncbi.nlm.nih.gov/pubmed/29649231
http://doi.org/10.1080/17434440.2020.1792287
https://www.ema.europa.eu/en/documents/report/european-union-medicines-agencies-network-strategy-2025-protecting-public-health-time-rapid-change_en.pdf
https://www.ema.europa.eu/en/documents/report/european-union-medicines-agencies-network-strategy-2025-protecting-public-health-time-rapid-change_en.pdf
http://doi.org/10.1016/j.apergo.2007.10.002
http://doi.org/10.1016/j.ijpharm.2021.120724
http://doi.org/10.1080/17434440.2017.1407648
http://doi.org/10.1586/14737167.2016.1138860
http://doi.org/10.1080/17434440.2017.1363647
http://www.ncbi.nlm.nih.gov/pubmed/28774216
http://doi.org/10.1016/j.addr.2016.03.001
http://www.ncbi.nlm.nih.gov/pubmed/27001902
http://doi.org/10.3390/ma14010191
http://www.ncbi.nlm.nih.gov/pubmed/33401601
https://www.lboro.ac.uk/research/amrg/about/the7categoriesofadditivemanufacturing/binderjetting/
http://doi.org/10.1007/s10439-016-1678-3
https://www.lboro.ac.uk/research/amrg/about/the7categoriesofadditivemanufacturing/directedenergydeposition
http://doi.org/10.3390/ma13163562


Biomedicines 2022, 10, 2947 16 of 21

23. Jiang, T.; Munguia-Lopez, J.G.; Flores-Torres, S.; Kort-Mascort, J.; Kinsella, J.M. Extrusion bioprinting of soft materials: An
emerging technique for biological model fabrication. Appl. Phys. Rev. 2019, 6, 011310. [CrossRef]

24. Zhuang, P.; Ng, W.L.; An, J.; Chua, C.K.; Tan, L.P. Layer-by-layer ultraviolet assisted extrusion-based (UAE) bioprinting of
hydrogel constructs with high aspect ratio for soft tissue engineering applications. PLoS ONE 2019, 14, e0216776. [CrossRef]

25. Chua, C.K.; Leong, K.F.; Lim, C.S. Rapid Prototyping: Principles and Applications (with Companion CD-ROM); World Scientific
Publishing Company: Singapore, 2010.

26. Additive Manufacturing Research Group. About Additive Manufacturing—Material Extrusion. 2022. Available online:
https://www.lboro.ac.uk/research/amrg/about/the7categoriesofadditivemanufacturing/materialextrusion (accessed on 4
November 2022).

27. Li, X.; Liu, B.; Pei, B.; Chen, J.; Zhou, D.; Peng, J.; Zhang, X.; Jia, W.; Xu, T. Inkjet bioprinting of biomaterials. Chem. Rev. 2020, 120,
10793–10833. [CrossRef]

28. Ng, W.L.; Huang, X.; Shkolnikov, V.; Goh, G.L.; Suntornnond, R.; Yeong, W.Y. Controlling droplet impact velocity and droplet
volume: Key factors to achieving high cell viability in sub-nanoliter droplet-based bioprinting. Int. J. Bioprint. 2022, 8, 424.
[CrossRef]

29. Additive Manufacturing Research Group. About Additive Manufacturing—Material Jetting. 2022. Available online:
https://www.lboro.ac.uk/research/amrg/about/the7categoriesofadditivemanufacturing/materialjetting (accessed on 4
November 2022).

30. Gibson, I.; Rosen, D.W.; Stucker, B.; Khorasani, M.; Rosen, D.; Stucker, B.; Khorasani, M. Additive Manufacturing Technologies;
Springer: Berlin/Heidelberg, Germany, 2021; Volume 17.

31. Additive Manufacturing Research Group. About Additive Manufacturing—Powder Bed Fusion. 2022. Available online:
https://www.lboro.ac.uk/research/amrg/about/the7categoriesofadditivemanufacturing/powderbedfusion/ (accessed on 4
November 2022).

32. Ng, W.L.; Lee, J.M.; Zhou, M.; Chen, Y.-W.; Lee, K.-X.A.; Yeong, W.Y.; Shen, Y.-F. Vat polymerization-based bioprinting—Process,
materials, applications and regulatory challenges. Biofabrication 2020, 12, 022001. [CrossRef]

33. Additive Manufacturing Research Group. About Additive Manufacturing—VAT Photopolymerisation. Available online:
https://www.lboro.ac.uk/research/amrg/about/the7categoriesofadditivemanufacturing/vatphotopolymerisation (accessed on
4 November 2022).

34. Li, W.; Mille, L.S.; Robledo, J.A.; Uribe, T.; Huerta, V.; Zhang, Y.S. Recent advances in formulating and processing biomaterial inks
for vat polymerization-based 3D printing. Adv. Healthc. Mater. 2020, 9, 2000156. [CrossRef] [PubMed]

35. Ma, X.; Liu, J.; Zhu, W.; Tang, M.; Lawrence, N.; Yu, C.; Gou, M.; Chen, S. 3D bioprinting of functional tissue models for
personalized drug screening and in vitro disease modeling. Adv. Drug Deliv. Rev. 2018, 132, 235–251. [CrossRef]

36. Aimar, A.; Palermo, A.; Innocenti, B. The role of 3D printing in medical applications: A state of the art. J. Healthc. Eng. 2019, 2019,
5340616. [CrossRef] [PubMed]

37. Alhnan, M.A.; Okwuosa, T.C.; Sadia, M.; Wan, K.-W.; Ahmed, W.; Arafat, B. Emergence of 3D printed dosage forms: Opportunities
and challenges. Pharm. Res. 2016, 33, 1817–1832. [CrossRef] [PubMed]

38. Mahmood, M.A. 3D Printing in Drug Delivery and Biomedical Applications: A State-of-the-Art Review. Compounds 2021, 1,
94–115. [CrossRef]

39. Jamróz, W.; Szafraniec, J.; Kurek, M.; Jachowicz, R. 3D printing in pharmaceutical and medical applications–recent achievements
and challenges. Pharm. Res. 2018, 35, 176. [CrossRef] [PubMed]

40. Souto, E.B.; Campos, J.; Filho, S.; Teixeira, M.; Martins-Gomes, C.; Zielinska, A.; Carbone, C.; Silva, A. 3D printing in the design of
pharmaceutical dosage forms. Pharm. Dev. Technol. 2019, 24, 1044–1053. [CrossRef] [PubMed]

41. Allen, E.A.; O’Mahony, C.; Cronin, M.; O’Mahony, T.; Moore, A.C.; Crean, A.M. Dissolvable microneedle fabrication using
piezoelectric dispensing technology. Int. J. Pharm. 2016, 500, 1–10. [CrossRef]

42. Willings, A. 38 Amazing Examples of 3D Printing in the Medical World. 2022. Available online: https://www.pocket-lint.com/
gadgets/news/142506-medical-marvels-how-3d-printing-is-improving-our-lives (accessed on 5 October 2022).

43. Gao, G.; Ahn, M.; Cho, W.-W.; Kim, B.-S.; Cho, D.-W. 3D Printing of Pharmaceutical Application: Drug Screening and Drug
Delivery. Pharmaceutics 2021, 13, 1373. [CrossRef]

44. Tagami, T.; Hayashi, N.; Sakai, N.; Ozeki, T. 3D printing of unique water-soluble polymer-based suppository shell for controlled
drug release. Int. J. Pharm. 2019, 568, 118494. [CrossRef]

45. Sun, Y.; Ruan, X.; Li, H.; Kathuria, H.; Du, G.; Kang, L. Fabrication of non-dissolving analgesic suppositories using 3D printed
moulds. Int. J. Pharm. 2016, 513, 717–724. [CrossRef] [PubMed]

46. Li, J.; Chen, M.; Fan, X.; Zhou, H. Recent advances in bioprinting techniques: Approaches, applications and future prospects.
J. Transl. Med. 2016, 14, 271. [CrossRef] [PubMed]

47. Alamán, J.; Alicante, R.; Peña, J.I.; Sánchez-Somolinos, C. Inkjet printing of functional materials for optical and photonic
applications. Materials 2016, 9, 910. [CrossRef]

48. Cui, X.; Boland, T. Human microvasculature fabrication using thermal inkjet printing technology. Biomaterials 2009, 30, 6221–6227.
[CrossRef]

49. Cui, X.; Dean, D.; Ruggeri, Z.M.; Boland, T. Cell damage evaluation of thermal inkjet printed Chinese hamster ovary cells.
Biotechnol. Bioeng. 2010, 106, 963–969. [CrossRef]

http://doi.org/10.1063/1.5059393
http://doi.org/10.1371/journal.pone.0216776
https://www.lboro.ac.uk/research/amrg/about/the7categoriesofadditivemanufacturing/materialextrusion
http://doi.org/10.1021/acs.chemrev.0c00008
http://doi.org/10.18063/ijb.v8i1.424
https://www.lboro.ac.uk/research/amrg/about/the7categoriesofadditivemanufacturing/materialjetting
https://www.lboro.ac.uk/research/amrg/about/the7categoriesofadditivemanufacturing/powderbedfusion/
http://doi.org/10.1088/1758-5090/ab6034
https://www.lboro.ac.uk/research/amrg/about/the7categoriesofadditivemanufacturing/vatphotopolymerisation
http://doi.org/10.1002/adhm.202000156
http://www.ncbi.nlm.nih.gov/pubmed/32529775
http://doi.org/10.1016/j.addr.2018.06.011
http://doi.org/10.1155/2019/5340616
http://www.ncbi.nlm.nih.gov/pubmed/31019667
http://doi.org/10.1007/s11095-016-1933-1
http://www.ncbi.nlm.nih.gov/pubmed/27194002
http://doi.org/10.3390/compounds1030009
http://doi.org/10.1007/s11095-018-2454-x
http://www.ncbi.nlm.nih.gov/pubmed/29998405
http://doi.org/10.1080/10837450.2019.1630426
http://www.ncbi.nlm.nih.gov/pubmed/31180272
http://doi.org/10.1016/j.ijpharm.2015.12.052
https://www.pocket-lint.com/gadgets/news/142506-medical-marvels-how-3d-printing-is-improving-our-lives
https://www.pocket-lint.com/gadgets/news/142506-medical-marvels-how-3d-printing-is-improving-our-lives
http://doi.org/10.3390/pharmaceutics13091373
http://doi.org/10.1016/j.ijpharm.2019.118494
http://doi.org/10.1016/j.ijpharm.2016.09.073
http://www.ncbi.nlm.nih.gov/pubmed/27686053
http://doi.org/10.1186/s12967-016-1028-0
http://www.ncbi.nlm.nih.gov/pubmed/27645770
http://doi.org/10.3390/ma9110910
http://doi.org/10.1016/j.biomaterials.2009.07.056
http://doi.org/10.1002/bit.22762


Biomedicines 2022, 10, 2947 17 of 21

50. Dey, M.; Ozbolat, I.T. 3D bioprinting of cells, tissues and organs. Sci. Rep. 2020, 10, 14023. [CrossRef]
51. Keriquel, V.; Oliveira, H.; Rémy, M.; Ziane, S.; Delmond, S.; Rousseau, B. In Situ Printing of Mesenchymal Stromal Cells, by

Laser-Assisted Bioprinting, for in Vivo Bone Regeneration Applications. Sci. Rep. 2017, 7, 1778. [CrossRef]
52. Barron, J.A.; Ringeisen, B.R.; Kim, H.; Spargo, B.J.; Chrisey, D.B. Application of laser printing to mammalian cells. Thin Solid Films

2004, 453, 383–387. [CrossRef]
53. Barron, J.A.; Krizman, D.B.; Ringeisen, B.R. Laser printing of single cells: Statistical analysis, cell viability, and stress. Ann. Biomed.

Eng. 2005, 33, 121–130. [CrossRef]
54. Ge, Q.; Li, Z.; Wang, Z.; Kowsari, K.; Zhang, W.; He, X.; Zhou, J.; Fang, N.X. Projection micro stereolithography based 3D printing

and its applications. Int. J. Extreme Manuf. 2020, 2, 022004. [CrossRef]
55. Mukhtarkhanov, M.; Perveen, A.; Talamona, D. Application of Stereolithography Based 3D Printing Technology in Investment

Casting. Micromachines 2020, 11, 946. [CrossRef] [PubMed]
56. Wang, Z.; Abdulla, R.; Parker, B.; Samanipour, R.; Ghosh, S.; Kim, K. A simple and high-resolution stereolithography-based 3D

bioprinting system using visible light crosslinkable bioinks. Biofabrication 2015, 7, 045009. [CrossRef] [PubMed]
57. Ashammakhi, N.; Ahadian, S.; Xu, C.; Montazerian, H.; Ko, H.; Nasiri, R.; Barros, N.; Khademhosseini, A. Bioinks and bioprinting

technologies to make heterogeneous and biomimetic tissue constructs. Mater. Today Bio. 2019, 1, 100008. [CrossRef]
58. Zhang, Y.S.; Khademhosseini, A. Advances in engineering hydrogels. Science 2017, 356, eaaf3627. [CrossRef]
59. Wang, Z.; Yang, Y. Application of 3D Printing in Implantable Medical Devices. BioMed Res. Int. 2021, 2021, 6653967. [CrossRef]

[PubMed]
60. Toh, E.M.S.; Thenpandiyan, A.A.; Foo, A.S.C.; Zhang, J.J.Y.; Lim, M.J.R.; Goh, C.P.; Dinesh, N.; Vedicherla, S.V.; Yang, M.; Teo, K.;

et al. Clinical Outcomes of 3D-Printed Bioresorbable Scaffolds for Bone Tissue Engineering&mdash;A Pilot Study on 126 Patients
for Burrhole Covers in Subdural Hematoma. Biomedicines 2022, 10, 2702. [PubMed]

61. Auricchio, F.; Marconi, S. 3D printing: Clinical applications in orthopaedics and traumatology. EFORT Open Rev. 2017, 1, 121–127.
[CrossRef]

62. Pillai, S.; Upadhyay, A.; Khayambashi, P.; Farooq, I.; Sabri, H.; Tarar, M.; Lee, K.T.; Harb, I.; Zhou, S.; Wang, Y.; et al. Dental
3D-Printing: Transferring Art from the Laboratories to the Clinics. Polymers 2021, 13, 157. [CrossRef]

63. Pahlevanzadeh, F.; Emadi, R.; Valiani, A.; Kharaziha, M.; Poursamar, S.A.; Bakhsheshi-Rad, H.R.; Ismail, A.F.; RamaKrishna,
S.; Berto, F. Three-dimensional printing constructs based on the chitosan for tissue regeneration: State of the art, developing
directions and prospect trends. Materials 2020, 13, 2663. [CrossRef]

64. Sangiovanni, A.; Tibaldi, E.C.; Bortolotto, C.; Eshja, E.; Peroni, C.; Rossi, L.; Orlandi, M.; Poggi, P. The Growth of 3d Printing
in Biomedicine: Applications in Radiology. Available online: https://www.dieurope.com/pdf/125682.pdf (accessed on 9
November 2022).

65. Velázquez, J.S.; Cavas, F.; Bolarín, J.M.; Alió, J.L. 3D printed personalized corneal models as a tool for improving patient’s
knowledge of an asymmetric disease. Symmetry 2020, 12, 151. [CrossRef]

66. Xie, P.; Hu, Z.; Zhang, X.; Li, X.; Gao, Z.; Yuan, D.; Liu, Q. Application of 3-dimensional printing technology to construct an eye
model for fundus viewing study. PLoS ONE 2014, 9, e109373. [CrossRef]

67. Zada, M.; Shah, I.A.; Basir, A.; Yoo, H. Ultra-compact implantable antenna with enhanced performance for leadless cardiac
pacemaker system. IEEE Trans. Antennas Propag. 2020, 69, 1152–1157. [CrossRef]

68. Lueders, C.; Jastram, B.; Hetzer, R.; Schwandt, H. Rapid manufacturing techniques for the tissue engineering of human heart
valves. Eur. J. Cardio-Thorac. Surg. 2014, 46, 593–601. [CrossRef] [PubMed]

69. Guvendiren, M.; Molde, J.; Soares, R.M.; Kohn, J. Designing biomaterials for 3D printing. ACS Biomater. Sci. Eng. 2016, 2,
1679–1693. [CrossRef]

70. Tappa, K.; Jammalamadaka, U. Novel biomaterials used in medical 3D printing techniques. J. Funct. Biomater. 2018, 9, 17.
[CrossRef] [PubMed]

71. Nawrat, A. 3D printing in the medical field: Four major applications revolutionizing the industry. Med. Device Netw. 2020.
Available online: https://www.medicaldevice-network.com/analysis/3d-printing-in-the-medical-field-applications/ (accessed
on 9 November 2022).

72. Skardal, A.; Atala, A. Biomaterials for integration with 3-D bioprinting. Ann. Biomed. Eng. 2015, 43, 730–746. [CrossRef]
73. Ng, W.L.; Chua, C.K.; Shen, Y.-F. Print me an organ! Why we are not there yet. Prog. Polym. Sci. 2019, 97, 101145. [CrossRef]
74. Davoodi, E.; Sarikhani, E.; Montazerian, H.; Ahadian, S.; Costantini, M.; Swieszkowski, W.; Willerth, S.M.; Walus, K.; Mofidfar,

M.; Toyserkani, E.; et al. Extrusion and microfluidic-based bioprinting to fabricate biomimetic tissues and organs. Adv. Mater.
Technol. 2020, 5, 1901044. [CrossRef]

75. Parak, A.; Pradeep, P.; du Toit, L.C.; Kumar, P.; Choonara, Y.E.; Pillay, V. Functionalizing bioinks for 3D bioprinting applications.
Drug Discov. Today 2019, 24, 198–205. [CrossRef]

76. Masri, S.; Maarof, M.; Mohd, N.F.; Hiraoka, Y.; Tabata, Y.; Fauzi, M.B. Injectable Crosslinked Genipin Hybrid Gelatin-PVA Hydro-
gels for Future Use as Bioinks in Expediting Cutaneous Healing Capacity: Physicochemical Characterisation and Cytotoxicity
Evaluation. Biomedicines 2022, 10, 2651. [CrossRef] [PubMed]

77. Shahrubudin, N.; Koshy, P.; Alipal, J.; Kadir, M.H.A.; Lee, T.C. Challenges of 3D printing technology for manufacturing biomedical
products: A case study of Malaysian manufacturing firms. Heliyon 2020, 6, e03734. [CrossRef] [PubMed]

http://doi.org/10.1038/s41598-020-70086-y
http://doi.org/10.1038/s41598-017-01914-x
http://doi.org/10.1016/j.tsf.2003.11.161
http://doi.org/10.1007/s10439-005-8971-x
http://doi.org/10.1088/2631-7990/ab8d9a
http://doi.org/10.3390/mi11100946
http://www.ncbi.nlm.nih.gov/pubmed/33086736
http://doi.org/10.1088/1758-5090/7/4/045009
http://www.ncbi.nlm.nih.gov/pubmed/26696527
http://doi.org/10.1016/j.mtbio.2019.100008
http://doi.org/10.1126/science.aaf3627
http://doi.org/10.1155/2021/6653967
http://www.ncbi.nlm.nih.gov/pubmed/33521128
http://www.ncbi.nlm.nih.gov/pubmed/36359222
http://doi.org/10.1302/2058-5241.1.000012
http://doi.org/10.3390/polym13010157
http://doi.org/10.3390/ma13112663
https://www.dieurope.com/pdf/125682.pdf
http://doi.org/10.3390/sym12010151
http://doi.org/10.1371/journal.pone.0109373
http://doi.org/10.1109/TAP.2020.3008070
http://doi.org/10.1093/ejcts/ezt510
http://www.ncbi.nlm.nih.gov/pubmed/25063052
http://doi.org/10.1021/acsbiomaterials.6b00121
http://doi.org/10.3390/jfb9010017
http://www.ncbi.nlm.nih.gov/pubmed/29414913
https://www.medicaldevice-network.com/analysis/3d-printing-in-the-medical-field-applications/
http://doi.org/10.1007/s10439-014-1207-1
http://doi.org/10.1016/j.progpolymsci.2019.101145
http://doi.org/10.1002/admt.201901044
http://doi.org/10.1016/j.drudis.2018.09.012
http://doi.org/10.3390/biomedicines10102651
http://www.ncbi.nlm.nih.gov/pubmed/36289912
http://doi.org/10.1016/j.heliyon.2020.e03734
http://www.ncbi.nlm.nih.gov/pubmed/32322726


Biomedicines 2022, 10, 2947 18 of 21

78. Fang, Y.; Guo, Y.; Liu, T.; Xu, R.; Mao, S.; Mo, X.; Zhang, T.; Ouyang, L.; Xiong, Z.; Sun, W. Advances in 3D Bioprinting. Chin. J.
Mech. Eng. Addit. Manuf. Front. 2022, 1, 100011. [CrossRef]

79. Datta, P.; Barui, A.; Wu, Y.; Ozbolat, V.; Moncal, K.K.; Ozbolat, I.T. Essential steps in bioprinting: From pre- to post-bioprinting.
Biotechnol. Adv. 2018, 36, 1481–1504. [CrossRef]

80. Birla, R.K.; Williams, S.K. 3D bioprinting and its potential impact on cardiac failure treatment: An industry perspective. APL
Bioeng. 2020, 4, 010903. [CrossRef]

81. Kankala, R.K.; Zhu, K.; Li, J.; Wang, C.-S.; Wang, S.-B.; Chen, A.-Z. Fabrication of arbitrary 3D components in cardiac surgery:
From macro-, micro- to nanoscale. Biofabrication 2017, 9, 032002. [CrossRef]

82. Xu, X.; Wang, T.; Zeng, D.; Shi, Y.; Jia, Q.; Yuan, H.; Huang, M.; Zhuang, J. Accurate Congenital Heart Disease Model Generation
for 3D Printing. In Proceedings of the 2019 IEEE International Workshop on Signal Processing Systems (SiPS), Nanjing, China,
20–23 October 2019.

83. Morrison, R.J.; Hollister, S.J.; Niedner, M.F.; Mahani, M.G.; Park, A.H.; Mehta, D.K.; Ohye, R.G.; Green, G.E. Mitigation of
tracheobronchomalacia with 3D-printed personalized medical devices in pediatric patients. Sci. Transl. Med. 2015, 7, 285ra64.
[CrossRef]

84. Youssef, R.F.; Spradling, K.; Yoon, R.; Dolan, B.; Chamberlin, J.; Okhunov, Z.; Clayman, R.; Landman, J. Applications of
three-dimensional printing technology in urological practice. BJU Int. 2015, 116, 697–702. [CrossRef]

85. Eggbeer, D. 3—Computational Design of Biostructures, in 3D Bioprinting for Reconstructive Surgery; Thomas, D.J., Jessop, Z.M.,
Whitaker, I.S., Eds.; Woodhead Publishing: Sawston, UK, 2018; pp. 33–73.

86. Martinez-Marquez, D.; Mirnajafizadeh, A.; Carty, C.P.; Stewart, R.A. Facilitating industry translation of custom 3d printed bone
prostheses and scaffolds through Quality by Design. Procedia Manuf. 2019, 30, 284–291. [CrossRef]

87. Wixted, C.M.; Peterson, J.R.; Kadakia, R.J.; Adams, S.B. Three-dimensional Printing in Orthopaedic Surgery: Current Applications
and Future Developments. Journal of the American Academy of Orthopaedic Surgeons. Glob. Res. Rev. 2021, 5, e20.00230.

88. Ren, L.; Zhou, X.; Song, Z.; Zhao, C.; Liu, Q.; Xue, J.; Li, X. Process Parameter Optimization of Extrusion-Based 3D Metal Printing
Utilizing PW–LDPE–SA Binder System. Materials 2017, 10, 305. [CrossRef] [PubMed]

89. Huang, W.; Zheng, Q.; Sun, W.; Xu, H.; Yang, X. Levofloxacin implants with predefined microstructure fabricated by three-
dimensional printing technique. Int. J. Pharm. 2007, 339, 33–38. [CrossRef] [PubMed]

90. Singh, G.; Singh, S.; Kumar, R.; Parkash, C.; Pruncu, C.; Ramakrishna, S. Tissues and organ printing: An evolution of technology
and materials. Proc. Inst. Mech. Eng. Part H J. Eng. Med. 2022, 09544119221125084. [CrossRef] [PubMed]

91. Schweiger, J.; Edelhoff, D.; Güth, J.-F. 3D Printing in Digital Prosthetic Dentistry: An Overview of Recent Developments in
Additive Manufacturing. J. Clin. Med. 2021, 10, 2010. [CrossRef] [PubMed]

92. Dodziuk, H. Applications of 3D printing in healthcare. Kardiochir. Torakochirurgia Polska 2016, 13, 283–293. [CrossRef]
93. Henkel, J.; Woodruff, M.A.; Epari, D.R.; Steck, R.; Glatt, V.; Dickinson, I.C.; Choong, P.F.M.; Schuetz, M.A.; Hutmacher, D.W. Bone

Regeneration Based on Tissue Engineering Conceptions—A 21st Century Perspective. Bone Res. 2013, 1, 216–248. [CrossRef]
94. Puppi, D.; Chiellini, F.; Piras, A.M.; Chiellini, E. Polymeric materials for bone and cartilage repair. Prog. Polym. Sci. 2010, 35,

403–440. [CrossRef]
95. Panja, N.; Maji, S.; Choudhuri, S.; Ali, K.A.; Hossain, C.M. 3D Bioprinting of Human Hollow Organs. AAPS PharmSciTech 2022,

23, 139. [CrossRef]
96. Liu, Y.-F.; Xu, L.-W.; Zhu, H.-Y.; Liu, S.S.-Y. Technical procedures for template-guided surgery for mandibular reconstruction

based on digital design and manufacturing. BioMed. Eng. OnLine 2014, 13, 63. [CrossRef]
97. Saunders, S. 3D Printing Webinar and Event Roundup: 2 October 2022. 2022. Available online: https://3dprint.com/294659/3d-

printing-webinars-events-10-2-22/ (accessed on 5 October 2022).
98. Araújo, M.R.; Sa-Barreto, L.L.; Gratieri, T.; Gelfuso, G.M.; Cunha-Filho, M. The digital pharmacies era: How 3D printing

technology using fused deposition modeling can become a reality. Pharmaceutics 2019, 11, 128. [CrossRef]
99. Sandler, N.; Preis, M. Printed drug-delivery systems for improved patient treatment. Trends Pharmacol. Sci. 2016, 37, 1070–1080.

[CrossRef] [PubMed]
100. Beg, S.; Almalki, W.H.; Malik, A.; Farhan, M.; Aatif, M.; Rahman, Z.; Alruwaili, N.K.; Alrobaian, M.; Tarique, M.; Rahman, M. 3D

printing for drug delivery and biomedical applications. Drug Discov. Today 2020, 25, 1668–1681. [CrossRef] [PubMed]
101. Zhu, Z.; Park, H.S.; McAlpine, M.C. 3D printed deformable sensors. Sci. Adv. 2020, 6, eaba5575. [CrossRef] [PubMed]
102. Anadioti, E.; Musharbash, L.; Blatz, M.B.; Papavasiliou, G.; Kamposiora, P. 3D printed complete removable dental prostheses: A

narrative review. BMC Oral Health 2020, 20, 343. [CrossRef]
103. Muwaffak, Z.; Goyanes, A.; Clark, V.; Basit, A.W.; Hilton, S.T.; Gaisford, S. Patient-specific 3D scanned and 3D printed

antimicrobial polycaprolactone wound dressings. Int. J. Pharm. 2017, 527, 161–170. [CrossRef]
104. Al-Dulimi, Z.; Wallis, M.; Tan, D.K.; Maniruzzaman, M.; Nokhodchi, A. 3D printing technology as innovative solutions for

biomedical applications. Drug Discov. Today 2021, 26, 360–383. [CrossRef]
105. Ovsianikov, A.; Khademhosseini, A.; Mironov, V. The synergy of scaffold-based and scaffold-free tissue engineering strategies.

Trends Biotechnol. 2018, 36, 348–357. [CrossRef]
106. Wang, K.; Ho, C.-C.; Zhang, C.; Wang, B. A Review on the 3D Printing of Functional Structures for Medical Phantoms and

Regenerated Tissue and Organ Applications. Engineering 2017, 3, 653–662. [CrossRef]

http://doi.org/10.1016/j.cjmeam.2022.100011
http://doi.org/10.1016/j.biotechadv.2018.06.003
http://doi.org/10.1063/1.5128371
http://doi.org/10.1088/1758-5090/aa8113
http://doi.org/10.1126/scitranslmed.3010825
http://doi.org/10.1111/bju.13183
http://doi.org/10.1016/j.promfg.2019.02.041
http://doi.org/10.3390/ma10030305
http://www.ncbi.nlm.nih.gov/pubmed/28772665
http://doi.org/10.1016/j.ijpharm.2007.02.021
http://www.ncbi.nlm.nih.gov/pubmed/17412538
http://doi.org/10.1177/09544119221125084
http://www.ncbi.nlm.nih.gov/pubmed/36134552
http://doi.org/10.3390/jcm10092010
http://www.ncbi.nlm.nih.gov/pubmed/34067212
http://doi.org/10.5114/kitp.2016.62625
http://doi.org/10.4248/BR201303002
http://doi.org/10.1016/j.progpolymsci.2010.01.006
http://doi.org/10.1208/s12249-022-02279-9
http://doi.org/10.1186/1475-925X-13-63
https://3dprint.com/294659/3d-printing-webinars-events-10-2-22/
https://3dprint.com/294659/3d-printing-webinars-events-10-2-22/
http://doi.org/10.3390/pharmaceutics11030128
http://doi.org/10.1016/j.tips.2016.10.002
http://www.ncbi.nlm.nih.gov/pubmed/27992318
http://doi.org/10.1016/j.drudis.2020.07.007
http://www.ncbi.nlm.nih.gov/pubmed/32687871
http://doi.org/10.1126/sciadv.aba5575
http://www.ncbi.nlm.nih.gov/pubmed/32596461
http://doi.org/10.1186/s12903-020-01328-8
http://doi.org/10.1016/j.ijpharm.2017.04.077
http://doi.org/10.1016/j.drudis.2020.11.013
http://doi.org/10.1016/j.tibtech.2018.01.005
http://doi.org/10.1016/J.ENG.2017.05.013


Biomedicines 2022, 10, 2947 19 of 21

107. Mazrouei, R.; Velasco, V.; Esfandyarpour, R. 3D-bioprinted all-inclusive bioanalytical platforms for cell studies. Sci. Rep. 2020, 10,
14669. [CrossRef]

108. Zhao, Y.; Yao, R.; Ouyang, L.; Ding, H.; Zhang, T.; Zhang, K.; Cheng, S.; Sun, W. Three-dimensional printing of Hela cells for
cervical tumor model in vitro. Biofabrication 2014, 6, 035001. [CrossRef]

109. Yu, F.; Choudhury, D. Microfluidic bioprinting for organ-on-a-chip models. Drug Discov. Today 2019, 24, 1248–1257. [CrossRef]
[PubMed]

110. George, M.; Aroom, K.R.; Hawes, H.G.; Gill, B.S.; Love, J. 3D Printed Surgical Instruments: The Design and Fabrication Process.
World J. Surg. 2017, 41, 314–319. [CrossRef] [PubMed]

111. Frankforter, S.A. Strategic Total Quality Management: Corporate Performance and Product Quality. J. Acad. Mark. Sci. 1998,
26, 352.

112. Yu, L.X. Pharmaceutical quality by design: Product and process development, understanding, and control. Pharm. Res. 2008, 25,
781–791. [CrossRef]

113. Snee, R.D. Quality by design: Building quality into products and processes. In Nonclinical Statistics for Pharmaceutical and
Biotechnology Industries; Springer: Berlin/Heidelberg, Germnay, 2016; pp. 461–499.

114. Vogt, F.G.; Kord, A.S. Development of quality-by-design analytical methods. J. Pharm. Sci. 2011, 100, 797–812. [CrossRef]
115. Kawashita, Y.; Soutome, S.; Umeda, M.; Saito, T. Predictive Risk Factors Associated with Severe Radiation-Induced Mucositis in

Nasopharyngeal or Oropharyngeal Cancer Patients: A Retrospective Study. Biomedicines 2022, 10, 2661. [CrossRef]
116. Lewis, J.A. Statistical principles for clinical trials (ICH E9): An introductory note on an international guideline. Stat. Med. 1999,

18, 1903–1942. [CrossRef]
117. EMA-FDA Pilot Program for Parallel Assessment of Quality-by-Design Applications: Lessons Learnt and Q&A Resulting from

the First Parallel Assessment. 2013. Available online: European-medicines-agency-food-drug-administration-pilot-programme-
parallel-assessment-quality_en[1].pdf (accessed on 10 November 2022).
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143. Fraser, A.G.; Byrne, R.A.; Kautzner, J.; Butchart, E.G.; Szymański, P.; Leggeri, I.; de Boer, R.A.; Caiani, E.G.; Van de Werf, F.; Vardas,
P.E. Implementing the new European Regulations on medical devices—Clinical responsibilities for evidence-based practice: A
report from the Regulatory Affairs Committee of the European Society of Cardiology. Eur. Heart J. 2020, 41, 2589–2596. [CrossRef]
[PubMed]

144. Commition, E. Guidlines on Medical Devices. Clinical Evaluation: A Guide for Manufacturers and Notified Bodies under
93/42/EEC and 90/385/EEC. 2016. Available online: https://ec.europa.eu/docsroom/documents/17522/attachments/1/
translations/en/renditions/native (accessed on 9 November 2022).

145. Morrison, R.J.; Kashlan, K.N.; Flanangan, C.L.; Wright, J.K.; Green, G.E.; Hollister, S.J.; Weatherwax, K.J. Regulatory considerations
in the design and manufacturing of implantable 3D-printed medical devices. Clin. Transl. Sci. 2015, 8, 594–600. [CrossRef]

146. Beg, S.; Hasnain, M.S.; Rahman, M.; Swain, S. Chapter 1—Introduction to Quality by Design (QbD): Fundamentals, Principles,
and Applications. In Pharmaceutical Quality by Design; Beg, S., Hasnain, M.S., Eds.; Academic Press: Cambridge, MA, USA, 2019;
pp. 1–17.

147. Beg, S.; Rahman, M.; Kohli, K. Quality-by-design approach as a systematic tool for the development of nanopharmaceutical
products. Drug Discov. Today 2019, 24, 717–725. [CrossRef]

148. Buttini, F.; Rozou, S.; Rossi, A.; Zoumpliou, V.; Rekkas, D.M. The application of quality by design framework in the pharmaceutical
development of dry powder inhalers. Eur. J. Pharm. Sci. 2018, 113, 64–76. [CrossRef]

149. Ballard, D.H.; Trace, A.P.; Ali, S.; Hodgdon, T.; Zygmont, M.E.; DeBenedectis, C.M.; Smith, S.E.; Richardson, M.L.; Patel, M.J.;
Decker, S.J.; et al. Clinical Applications of 3D Printing: Primer for Radiologists. Acad. Radiol. 2018, 25, 52–65. [CrossRef]

150. Bergsland, J.; Elle, O.J.; Fosse, E. Barriers to medical device innovation. Med. Devices 2014, 7, 205–209. [CrossRef]
151. Kritikos, M. 3D bio-printing for medical and enhancement purposes: Legal and ethical aspects. In IN-DEPTH ANALYSIS—Science

and Technology Options Assessment; European Parliamentary Research Service (EPRS), Scientific Foresight Unit (STOA): Brussels,
Belgium, 2018.

152. Gioumouxouzis, C.I.; Karavasili, C.; Fatouros, D.G. Recent advances in pharmaceutical dosage forms and devices using additive
manufacturing technologies. Drug Discov. Today 2019, 24, 636–643. [CrossRef]

153. Birtchnell, T.; Hoyle, W. 3D Printing for Development in the Global South: The 3D4D Challenge; Springer: Berlin/Heidelberg,
Germany, 2014.

154. Srai, J.S.; Kumar, M.; Graham, G.; Phillips, W.; Tooze, J.; Ford, S.; Beecher, P.; Raj, B.; Gregory, M.; Tiwari, M.K. Distributed
manufacturing: Scope, challenges and opportunities. Int. J. Prod. Res. 2016, 54, 6917–6935. [CrossRef]

155. Mathew, E.; Pitzanti, G.; Larrañeta, E.; Lamprou, D.A. 3D printing of pharmaceuticals and drug delivery devices. Pharmaceutics
2020, 12, 266. [CrossRef]

156. Lessof, S.; Figueras, J.; Palm, W. The European Observatory on Health Systems and Policies: Knowledge brokering for health
systems strengthening. Eurohealth 2016, 22, 55–59.

157. Whitelaw, S.; Mamas, M.A.; Topol, E.; Van Spall, H.G. Applications of digital technology in COVID-19 pandemic planning and
response. Lancet Digit. Health 2020, 2, e435–e440. [CrossRef]

158. Negreiro, M. The Rise of Digital Health Technologies during the Pandemic; European Parliament: Brussels, Belgium, 2021.
159. Kumpunen, S.; Webb, E.; Permanand, G.; Zheleznyakov, E.; Edwards, N.; van Ginneken, E.; Jakab, M. Transformations in

the landscape of primary health care during COVID-19: Themes from the European region. Health Policy 2022, 126, 391–397.
[CrossRef] [PubMed]

160. Kanti, S.Y.; Csóka, I.; Jójárt-Laczkovich, O.; Adalbert, L. Recent Advances in Antimicrobial Coatings and Material Modification
Strategies for Preventing Urinary Catheter-Associated Complications. Biomedicines 2022, 10, 2580. [CrossRef]

http://doi.org/10.1016/j.jbi.2019.103150
http://doi.org/10.1007/s43465-019-00013-5
http://doi.org/10.1183/20734735.008417
http://doi.org/10.1097/CORR.0000000000001154
http://www.ncbi.nlm.nih.gov/pubmed/32011376
http://doi.org/10.1038/s41551-020-0541-x
http://www.ncbi.nlm.nih.gov/pubmed/32203280
https://eur-lex.europa.eu/eli/dec_impl/2019/1396/oj
https://eur-lex.europa.eu/eli/dec_impl/2019/1396/oj
http://doi.org/10.1093/eurheartj/ehaa382
http://www.ncbi.nlm.nih.gov/pubmed/32484542
https://ec.europa.eu/docsroom/documents/17522/attachments/1/translations/en/renditions/native
https://ec.europa.eu/docsroom/documents/17522/attachments/1/translations/en/renditions/native
http://doi.org/10.1111/cts.12315
http://doi.org/10.1016/j.drudis.2018.12.002
http://doi.org/10.1016/j.ejps.2017.10.042
http://doi.org/10.1016/j.acra.2017.08.004
http://doi.org/10.2147/MDER.S43369
http://doi.org/10.1016/j.drudis.2018.11.019
http://doi.org/10.1080/00207543.2016.1192302
http://doi.org/10.3390/pharmaceutics12030266
http://doi.org/10.1016/S2589-7500(20)30142-4
http://doi.org/10.1016/j.healthpol.2021.08.002
http://www.ncbi.nlm.nih.gov/pubmed/34489126
http://doi.org/10.3390/biomedicines10102580


Biomedicines 2022, 10, 2947 21 of 21

161. Floro, J.N.; Dunton, G.E.; Delfino, R.J. Assessing physical activity in children with asthma: Convergent validity between
accelerometer and electronic diary data. Res. Q. Exerc. Sport 2009, 80, 153–163. [CrossRef]

162. Lorkowski, J.; Pokorski, M. Medical Records: A Historical Narrative. Biomedicines 2022, 10, 2594. [CrossRef]
163. Portnoy, J.M.; Waller, M.; De Lurgio, S.; Dinakar, C. Telemedicine is as effective as in-person visits for patients with asthma. Ann.

Allergy Asthma Immunol. 2016, 117, 241–245. [CrossRef]
164. Vierhile, A.; Tuttle, J.; Adams, H.; tenHoopen, C.; Baylor, E. Feasibility of Providing Pediatric Neurology Telemedicine Care to

Youth with Headache. J. Pediatr. Health Care 2018, 32, 500–506. [CrossRef]
165. Zapata, M.A.; Arcos, G.; Fonollosa, A.; Abraldes, M.; Oleñik, A.; Gutierrez, E.; Garcia-Arumi, J. Telemedicine for a General

Screening of Retinal Disease Using Nonmydriatic Fundus Cameras in Optometry Centers: Three-Year Results. Telemed. J. E Health
2017, 23, 30–36. [CrossRef]

166. Portnoy, J.M.; Pandya, A.; Waller, M.; Elliott, T. Telemedicine and emerging technologies for health care in allergy/immunology. J.
Allergy Clin. Immunol. 2020, 145, 445–454. [CrossRef] [PubMed]

167. Pivetta, E.; Ravetti, A.; Paglietta, G.; Cara, I.; Buggè, F.; Scozzari, G.; Maule, M.M.; Morello, F.; Locatelli, S.; Lupia, E. Feasibility of
Self-Performed Lung Ultrasound with Remote Teleguidance for Monitoring at Home COVID-19 Patients. Biomedicines 2022, 10,
2569. [CrossRef] [PubMed]

168. Shen, Y.-T.; Chen, L.; Yue, W.-W.; Xu, H.-X. Digital Technology-Based Telemedicine for the COVID-19 Pandemic. Front. Med. 2021,
8, 646506. [CrossRef] [PubMed]

http://doi.org/10.1080/02701367.2009.10599549
http://doi.org/10.3390/biomedicines10102594
http://doi.org/10.1016/j.anai.2016.07.012
http://doi.org/10.1016/j.pedhc.2018.02.004
http://doi.org/10.1089/tmj.2016.0020
http://doi.org/10.1016/j.jaci.2019.12.903
http://www.ncbi.nlm.nih.gov/pubmed/32035604
http://doi.org/10.3390/biomedicines10102569
http://www.ncbi.nlm.nih.gov/pubmed/36289831
http://doi.org/10.3389/fmed.2021.646506
http://www.ncbi.nlm.nih.gov/pubmed/34295908

	Introduction 
	What Does 3DP or AM Mean? 
	Scope of 3D Bioprinting 
	The Advent of Adapting a Quality by Design Strategy 
	Steps of Quality by Design 
	New MDR in the EU 
	Major Improvements in New Regulation 
	Reclassification to a Stricter Medical Device Classification 
	Increased Traceability 
	Heightened Attention on the Quality Management System 
	Tighter Clinical Evaluation Requirements 
	Supervision of Notified Bodies 
	Introduction of an Independent Expert Panel 
	Flexibility to Allow Innovation in the Renewed Regulatory Framework within the EU 

	Barriers to 3D Printed Medical Device Innovation 
	Emerging Technologies and Devices Facilitated by the COVID-Pandemic 

	Conclusions 
	References

