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Combination products play an increasingly important role in the development of ad-
vanced medical solutions. By integrating drug and device components, these products
may improve therapeutic efficacy, safety, tolerability, and patient adherence, while also
enabling personalized treatment approaches. However, their hybrid nature and the use
of advanced manufacturing technologies increase regulatory and manufacturing com-
plexity. Ensuring that such products are suitable for their intended use and do not com-
promise patient safety requires compliance with Good Manufacturing Practices (GMP)
and navigation of multifaceted regulatory pathways. While previous studies have ad-
dressed regulatory classification challenges of combination products, the applicability of
existing GMP frameworks to novel, technology driven manufacturing approaches re-
mains insufficiently explored.

This thesis evaluates the applicability of GMP requirements in the European Union
(EU) and the United States (US) to personalized drug—device combination (DDC) prod-
ucts manufactured using 3D-printing technology. The central research question of this
study is: To what extent do EU and US GMP guidelines provide clear and sufficient reg-
ulatory guidance for the manufacturing of personalized 3D-printed drug—device combi-
nation products?

A drug eluting round window niche implant (RNI) was used as a case example to
illustrate the manufacturing process. First, a systematic literature review was conducted
to identify manufacturing related risks associated with patient specific 3D-printed DDCs.
Second, a Hazard and Operability (HAZOP) analysis was performed to map these risks
to specific processing steps. Third, the identified risk control actions systematically
mapped against EU and US GMP frameworks using a binary regulatory compliance
mapping approach to assess the presence or absence of explicit regulatory guidance.

The results indicate that most identified manufacturing risks can be mitigated through
existing GMP principles, particularly those related to process validation, documentation,
traceability, and quality risk management. However, differences in regulatory interpreta-
tion and specificity were observed between jurisdictions. The US regulatory framework
provides more explicit guidance related to additive manufacturing and process validation,
whereas EU guidance remains more principle based. The findings highlight both the
adaptability of current GMP frameworks and the need for clearer regulatory interpretation
in the context of personalized, digitally driven manufacturing processes.

Keywords: drug-device combination, GMP, regulatory requirements, personalization,
round window niche, 3D-printing
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Yhdistelmatuotteilla on yha tarkedmpi rooli edistyneiden |adketieteellisten ratkaisujen
kehityksessa. Laadkkeiden ja ladkinnallisten laitteiden yhdistelmat voivat parantaa
terapeuttista tehokkuutta, turvallisuutta, siedettavyytta ja potilaan sitoutumista hoitoon
sekd mahdollistaa yksildlliset hoitomenetelmat. Yhdistelmatuotteiden erityispiirteet ja
kehittyneiden valmistusteknologioiden kayttdé lisddvat saantelyn ja valmistuksen
monimutkaisuutta. Laakelaiteyhdistelmien turvallisuuden ja tehokkuuden
varmentaminen edellyttdd hyvien valmistuskaytantéjen (GMP) noudattamista ja
monipuolisten saantelyreittien tuntemusta.

Aikaisemmat tutkimukset ovat kasitelleet yhdistelmatuotteiden
saantelyluokitteluhaasteita, mutta tutkimukset olemassa olevien GMP-kehysten
soveltuvuutta uusiin, teknologialahtoisiin valmistusmenetelmiin ovat puutteellisia. Tama
diplomityd arvioi GMP-vaatimusten soveltuvuutta Euroopan unionissa ja Yhdysvalloissa
personoituihin laake-laite-yhdistelmatuotteisiin, joiden valmistaminen on tehty 3D-
tulostusteknologialla. Taman tutkimuksen keskeinen tutkimuskysymys on: missa maarin
EU:n ja Yhdysvaltojen GMP-ohjeet tarjoavat selkeda ja riittdvaa saantelyohjeistusta
personoitujen 3D-tulostettujen ladke-laiteyhdistelmatuotteiden valmistukselle?

Laakeainetta vapauttavaa personoitua kokleaimplanttia kaytettiin esimerkkina
valmistusprosessin havainnollistamiseksi. Ensiksi tehtiin systemaattinen
kirjallisuuskatsaus potilaskohtaisten 3D-tulostettujen implanttien valmistamiseen
liittyvien riskien tunnistamiseksi. Toiseksi tehtiin poikkeamatarkastelu ja riskianalyysi
(HAZOP), jonka avulla tunnistettiin yksikkdprosessi, jossa tunnistettu riski voi ilmeta.
Lisaksi riskianalyysin avulla tunnistettiin korjaavat toimenpiteet riskien vahentamiseksi.
Kolmannessa vaiheessa, tunnistetut riskienhallintatoimet kartoitettiin systemaattisesti
EU:n ja Yhdysvaltojen GMP-kehyksiin bindarisen arviointimenetelman avulla.
Tavoitteena oli selvittda, missd maarin nykyiset GMP-ohjeistukset kattavat tunnistetut
riskit seka missa kohdin saantely on eksplisiittista tai jaa tulkinnanvaraiseksi.

Tulokset osoittavat, etta suurin osa tunnistetuista valmistusriskeista voidaan lieventaa
olemassa olevila GMP-ohjeistuksilla. Erityisesti  prosessien  validointiin,
dokumentointiin, jaljitettdvyyteen ja laadunhallintaan liittyvilla ohjeistuksia on saattavilla.
Kuitenkin saantelytulkinnassa ja ohjeistusten tarkkuudessa havaittiin eroja eri toimivalta-
alueiden valilld. Yhdysvaltojen saantelykehys antaa selkedmpid ohjeita
lisdainevalmistukseen ja prosessien validointiin, kun taas EU:n ohjeistus pysyy
enemman periaatteisiin perustuvana. Tulokset korostavat seka nykyisten GMP-kehysten
soveltuvuutta ettd tarvetta selkeammalle saantelytulkinnalle yksilollisten seka
digitaalisten ohjelmistojen hyédyntavien valmistustekniikoiden kaupallistamiseksi.

Avainsanat: yhdistelmatuote, GMP, viranomaisvaatimukset, personointi,
kokleaimplantti, 3D-tulostus

Taman julkaisun alkuperaisyys on tarkastettu Turnitin Originality Check -ohjelmalla.
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1.INTRODUCTION

Over the last few decades, the breakthroughs in research and development in pharma-
ceuticals and medical device technologies have caused a vital and growing role for com-
bination products in healthcare [1,2]. Combination products combine two or more thera-
peutic categories, such as drugs, medical devices or biologics, into a single product [3].
Their commercialization is complex because regulatory requirements differ across prod-

uct types and regions.

Market trends indicate the need for personalized medical solutions as consumers are
increasingly favoring customized devices that address specific health requirements [4].
Personalization is particularly relevant when anatomical variability or drug dosing com-
plicates treatment [5,6]. Additionally, emerging technologies such as additive manufac-
turing enable the precise replication of patient anatomy, supporting the development of
optimized and individualized treatment strategies. These types of products are complex
in nature, leading to emerging configurations of combination products, causing chal-

lenges in today’s regulatory framework [1,3].

This study focuses on a personalized round window niche implant (RNI) intended for
local dexamethasone delivery to the inner ear. The implant combines a polyethylene
glycol diacrylate (PEGDA) based device structure with the pharmacological effect of dex-
amethasone. To achieve the intended design of the RNI, 3D-printing technology is used
as a manufacturing method. Due to anatomical variability of the round window niche and
the integrated drug-device nature of the product, the implant represents a personalized
drug-device combination product and provides a relevant case for examining the applica-
bility of current good manufacturing practice (GMP) requirements and regulatory path-

ways.

For combination products, the applicable regulatory pathway is determined by the pri-
mary mode of action (PMOA). However, identifying the PMOA may be difficult for per-
sonalized drug-device combinations, as they combine both pharmacological and device-
related functions [2]. This ambiguity also affects the interpretation of GMP requirements,
since such products may need to comply simultaneously with requirements for both phar-

maceuticals and medical devices.
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While legislative aspects for combination products have been widely discussed [2,7-9],
GMP requirements for 3D-printed personalized drug-device combinations remain insuf-
ficiently addressed. This gap is particularly relevant, as the GMP sets the minimum re-
quirements for pharmaceutical manufacturing and plays a critical role in scaling up and

commercializing novel personalized therapies.

This study was conducted as part of the 3D-Cure project at Turku University of Applied
Sciences, which investigates personalized medicines manufactured using additive man-
ufacturing technologies [10]. The purpose of the study is to understand how current reg-
ulatory requirements apply to the personalized 3D-printed drug-device combinations.
The aim of the study is to evaluate whether current EU and US GMP guidelines provide
sufficient support for manufacturing of personalized RNI implant. Considering this, the
study addresses the following research question: To what extent do the EU and the US
GMP guidelines provide clear and sufficient regulatory guidance for the manufacturing

of personalized 3D-printed drug-device combination products?

To answer this question, a systematic literature review, hazard and operability (HAZOP)
analysis and regulatory coverage assessment are employed. First, data on existing risks
during RNI manufacturing are collected from the literature. Second, the identified risks
are analyzed using HAZOP study to determine critical processing steps, subprocesses
and required risk management actions. Finally, the identified actions are mapped against
current GMP and regulatory guidelines to evaluate their applicability and limitations. The
findings provide an overview of the support provided from current GMP guidance for
personalized RNI manufacturing and identify areas where additional regulatory clarifica-

tion may be needed.



2.LITERATURE REVIEW

2.1 Drug-device combinations

The U.S. Food and Drug Administration (FDA) defines combination products as different
configurations of regulated product types: (1) a product that integrates two regulated
components to single entity, (2) two or more products packed together, and (3) sepa-
rately packaged products intended to be used in conjunction with a specific pharmaceu-
tical product, where both components are required to achieve the intended therapeutic
effect [11].

The European Medicines Agency (EMA), in contrast, does not identify the term combi-
nation products. Instead, these products are classified as medicinal products incorpo-
rated with medical devices. Similarly, as FDA, EMA categorizes combination products

as: (1) integral products, (2) co-packed products and (3) referenced products [12,13].

Drug-device combination (DDC) products are a subgroup of therapeutic or diagnostic
combination products, in which pharmaceuticals are integrated with a medical device.
These products are used to enhance safety and efficacy by improving drug delivery,
targeting specific organs, and reducing side effects. The design of the products plays
an essential role in providing additive or synergistic effects beyond what standalone com-
ponents can achieve individually [14]. The complexity of DDCs can range from simple
pre-filled syringes to complex biological artificial pancreases [15]. The wide range of con-
figurations proves the multidisciplinary nature of DDCs. According to Statista, only drug-
delivery systems are expected to have an annual growth rate of 5.27% globally, which is
driven by the increasing need for personalized solutions, advanced biopharmaceuticals
and the rising prevalence of chronic diseases [16]. To meet the demand, pharmaceutical
formulation, engineering and clinical application need to align. While the DDCs bend the
boundaries of the traditional product categories, new technical challenges in designing,
development and manufacturing are encountered, and novel methodologies are needed.
Currently, DDCs are designed to serve a broad patient population. However, awareness
of the unique characteristics of an individual patient might affect the efficacy of the treat-
ment [5].



2.2 Personalization: importance and impacts

In the context of DDCs, personalization can be done either by modifying physical and
structural characteristics of the device entity of the products or adjusting the drug formu-
lation or quantity. Personalized medicine does not carry a universally approved determi-
nation but can be described as an approach based on understanding patient’s genotypes
and phenotypes [17]. Conventional medicine relies on an approach where patients with
a set of symptoms are given the same diagnosis. However, each patient has some indi-
vidual differences that conventional medicine does not consider. Thus, treatment of
these medical conditions might undergo the same pathway without taking into account
the interindividual differences, causing variations in treatment response. [18 p.15] Per-
sonalization in drug development offers a solution to overcome the limitations of conven-

tional medicine by improving diagnostic accuracy and optimizing treatment outcomes.

It is worth noticing that personalization does not necessarily mean that the produced
product is classified as custom-made. Both the EU and the US have their own determi-
nation for custom-made products. The EU determines the custom-made products as fol-

lows:

1) Device is made by a written prescription written by any person with professional

qualifications authorized by national law.

2) The device is intended to be used solely for individual patients and has unique

design characteristics.

Devices that are mass-produced and adapted to meet the specific requirements of any

professional user are classified as personalized devices. [19]

In the US, the determination of custom-made devices shares some similarities, as it co-
vers the devices modified to comply with the order of an individual physician or dentist.
However, the production volume can be only 5 products in total per year [20]. Therefore,
the production volume plays a significant role in determining whether the product is clas-
sified as custom-made products or personalized products. For example, RNIs are man-
ufactured from a standard design envelope regularly but adjusted to the patient’s anat-

omy and are therefore considered to be personalized rather than custom-made.

Localized drug delivery is a treatment method where the drug is delivered directly to the
target tissue or anatomical site. It is a key strategy to minimize risks of damaging healthy
cells or organs and reduce systemic side effects. Achieving localized and controlled drug
delivery often requires personalization, as anatomical differences between individuals

can affect to efficacy of the treatment. [21 p.138-139]



2.3 Personalized round window niche implant

2.1.1 Justification for the implant solution

Inner ear drug delivery poses significant challenges. A tight blood-labyrinth barrier re-
stricts accessibility to the inner ear fluids with systemic therapy, causing a demand for
high doses leading to more side effects. Local drug delivery is a potential method to
overcome this challenge, as the drug could be administered to the target tissue through
round window membrane (RWM). However, the administration method is crucial as it
might increase the risk of inner ear damage or the rapid drug release in the middle ear.
Furthermore, the permeability of the RWM affects the concentration of the drug molecule
in the target tissue.[22] In 2016, a clinical trial performed obtained no significant benefit
over baseline with dexamethasone injection, which supports the limited diffusion rates
through RWM [23].

These challenges underscore the need for personalized drug-eluting implants, capable
of delivering drugs safely and effectively to the inner ear. These implants could be im-
plemented in the round window niche (RWN) and enable active pharmaceutical ingredi-
ents (APIs) such as dexamethasone to pass through the RWM [24]. This might overcome
the challenge of rapid drug release on unintended target tissues, as the APls are inter-
acting with RWM continuously. Implants could be personalized to mimic the anatomical
properties of each individual patient through modern medical imaging methods which
might increase the efficacy of the treatment by enabling higher concentrations of the drug

to meet the target site. Precise digital models can be utilized in a 3D-printing process.

Polyethylene glycol diacrylate (PEGDA) is a synthetic photopolymerizable compound
with promising properties for medical applications. The material is considered nontoxic,
permissive for cell growth and promising in terms of usability as it can be employed to
drug delivery systems in different shapes and applications [25 p.193-195]. Additionally,
PEGDA offers mechanical stability [26] and lacks inherent osteoinductive capacity [27],
allowing its utilization as a drug carrier material in RNIs. PEGDA offers flexibility for tai-
loring material properties, making it ideal for personalized medical applications. PEGDA
hydrogels are potential materials for personalized implants due to their ability to mimic
the extracellular matrix through their hydrated, porous and mechanically tunable struc-
ture. These properties support both anatomical fit and controlled drug release.[28] These
properties are promising in drug delivery system for DEX, as the material should be able
to hold the implant in place in RWM and release the DEX to the inner ear in a controlled
manner through diffusion. Material selection plays a critical role in the development of
RNI implants, as the material must support both the anatomical fit of the implant and the
controlled release of DEX [29].



2.1.2 Clinical and anatomical background

According to the World Health Institute, more than 5 percent of the global population is
affected by hearing impairment [30]. The prevalence of hearing loss is expected to in-
crease due to extended life expectancy, noise exposure and as a side effect of using
ototoxic medicines [31]. Unaddressed hearing loss impairs quality of life widely by limiting
communication and causing negative effects on cognitive, social, educational, and eco-
nomic well-being, placing a burden on healthcare [30]. For a hearing purpose, the inner
ear plays a crucial role in converting sound waves into neural signals. Inner ear damage
leads to hearing loss by impacting the hair cells within the cochlea or auditory nerve. [32]
Therefore, various pharmacological treatments and drug delivery strategies have been

extensively studied [24].

Figure 1 illustrates the ear anatomy. The round window niche (RWN) is located on the
posterior wall of the tympanic cavity in the middle ear [33]. Together with the oval win-
dow, the round window serves as a key interface between the middle and inner ear. The
oval window holds the footplate of the stapes, while the round window is covered by a
semi-permeable round window membrane (RWM). RWM is located deep in a recess, the
conical bony depression called the round window niche (RWN). RWM is crucial for the
efficient transmission of the sound pressure wave in the cochlear perilymph. [34] Addi-
tionally, substances can enter the inner ear through RWM, allowing a potential drug de-

livery route for inner ear disorders [24].
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Figure 1 Schematic representation of normal ear anatomy. (A) The middle ear with the
tympanic membrane, round window niche, and ossicles, along with the cochlea and au-
ditory nerve. (B) Cross-sectional view of the cochlea showing the scala vestibuli, scala
media with sensory cells marked in yellow and scala tympani. (C) Intraoperative micro-
scopic view of the round window region, highlighting the round window niche and the
round window membrane [24].

RWN is a well-defined cavity located on the posterior surface of the promontory com-
posed of four structures: the fundus, the tegmen, the anterior and posterior postis. Addi-
tionally, RWN has an embryonic origin, which might be a cause of variations in anatomy
from size to shape and orientation [35]. In certain individuals, the round window niche
may limit access to the RWM by partially or completely covering it with adhesions, fat
tissue or mucoperiosteal folds. In several studies [35-37], the high anatomical variety of
RWN has been associated with differences in drug diffusion rates, surgical implementa-
tion, visibility and related pathological implications. Therefore, the anatomical variability
of RWN directly supports the need for personalized implant geometries and individual-
ized manufacturing workflows. The cochlea contains the sensory structures responsible

for hearing and is the target tissue for drug delivery through the RWM [33].

2.1.3 Local drug delivery
In the context of inner ear therapy, local drug delivery refers to the administration of a
therapeutic substance directly to the round window membrane or cochlea in order to

achieve a local pharmacological effect while minimizing systemic exposure. Additionally,
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local drug delivery seeks to reduce systemic toxicity by targeting the drug to a defined
tissue, thereby limiting exposure of surrounding healthy tissues. Consequently, under-
standing the dynamics of drug transport is essential for achieving efficient local treat-
ment. [38]

Although intracochlear administration enables direct drug delivery into the inner ear, it
requires invasive surgery and is therefore less suitable for routine treatment [39]. In-
tratympanic drug administration route to the RWM is an alternative for traditional sys-
temic therapy. The administration can be performed via needle injection to the tympanic
membrane or through the ventilation tube located in it. Thus, higher concentrations of a
drug can be loaded with lower doses. Additionally, biodegradable polymers are sug-
gested for drug delivery systems due to the advances in controlled release of the drug
molecule via hydrolysis on the matrix or diffusion out of the matrix. However, there are
some disadvantages associated with the methods as the portions of administered drugs
might not encounter the RWM. Instead, the drug is absorbed by the mucosa of the middle

ear or evacuated from the middle ear through the Eustachian tube. [24,32]

Local drug delivery remains a potential alternative for systemic therapy as it overcomes
challenges of the blood-labyrinthine and it reduces the risks of side effects due to the
ability to penetrate directly into the cochlea [40]. Despite the benefits of local administra-
tion, there is still a crucial need for optimized methods to ensure delivery to the target to
achieve efficacy in the treatment of inner ear disorders. These limitations justify the de-
velopment of an implant positioned in RWN to maintain prolonged and localized contact
with RWM.

2.1.4 Role of dexamethasone

Even though the causes of hearing loss are not fully understood, the positive effect of
corticosteroids as a treatment refers to immune-mediated inflammation as an underlying
mechanism. Glucocorticoids exert multiple effects on cochlear physiology by inhibiting
tumor necrosis factor-a-induced cytokine release from spiral ligament fibrocytes in vitro,
enhancing cochlear perfusion in vivo and stimulating glutathione synthesis within the
spiral ganglion. Thus, glucocorticoids have therapeutic and preventive actions against
various cochlear insults as they suppress cochlear response to oxidative stress, inflam-

mation and ischemia. [41]

Dexamethasone is a one of the most studied glucocorticoids for multiple inner ear disor-
ders such as idiopathic sudden sensorineural hearing loss (ISSHL), Méniére’s disease,
and acute tinnitus [42]. DEX is a versatile substance with various pharmacological effects

such as anti-inflammatory, antioxidant, anti-apoptotic and immunomodulatory properties
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and it has been used in traditional systematic therapy in inner ear disorders [32]. Previ-
ous studies has shown [43—45] that both the efficacy and biocompatibility of DEX de-
pend strongly on the formulation and concentration used. Therefore, the suitability of

DEX for RNI must be evaluated in relation to the selected material and release profile.

These findings emphasize the formulation-specific evaluation, as the formulation can
have a direct impact on efficacy and safety of the product. When considering RNIs, po-
tential interactions between the drug substance and the device component should be
evaluated, as they may affect the quality, safety, and efficacy of the final product. Such
interactions may influence the stability and concentration of the drug substance or alter
the properties of the device [51]. These considerations are particularly important in
PEGDA-based personalized implants, in which both the material and the incorporated

drug contribute to the final product performance.
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2.4 3D-printing technologies

Three-dimensional (3D) printing is a series of individual techniques that facilitate the ma-
terial deposition through sequential layering to fabricate pre-defined complex 3D struc-
tures [7]. These techniques share similarities in utilizing computer-aided design (CAD)
and computer-aided manufacturing to achieve predetermined construction [46]. Often,
the standard tessellation language format (STL) is used for the printing procedures [47].
Each layer is combined with the previous layer through binder, melting or curing. This

technology can be classified into seven categories, which are:

1) Material extrusion: process is based on pulling filament of polymeric material

through a heated nozzle to the point of melting.

2) Binder jetting: technique utilizes inkjet printer heads to selectively bind pow-
der together. Powder is added layer by layer and surplus is shaken, blown or

brushed off from finished print.

3) Material jetting: also based on inkjet technology but differs by material de-

posit which is done where needed.

4) Powder bed fusion: technically same as binder jetting but without binder. In-

stead, a laser or electron beam is used to melt the powders together.

5) Energy deposition: process is based on pulling metal wire of material through
a heated nozzle or powder fired into place followed by melting and welding

onto previous layer by an electron beam or laser.

6) Vat photopolymerization: includes a vat where the top layer of photopolymer
is cured with a light source or laser and then moves out of the liquid or into the

liquid away from the next layer to be processed.

7) Sheet lamination: cut and shaped with laser or scalpel sheet materials are

combined by stacking layers on top of each other. [48]

Even though the seven technologies cover a broad range of research, for this study the
technologies are limited to the most suitable 3D-printing PEGDA based solution for drug

eluting implants.

Vat photopolymerization (VPP) has gained particular interest in biomedical fields due to
its ability to rapidly produce small and complex structures with high resolution. VPP is

based on using liquid resins, monomers or oligomers compounded with photo initiators,
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which are polymerized through light exposure to form thermosets. Traditionally, ultravio-
let radiation is utilized. The technology presents a set of challenges related to biocom-
patibility and material properties when considering medical applications, as the unre-
acted monomers and initiator might exhibit toxic [49]. To enhance biocompatibility, post-
processing is necessary. To ensure the removal of uncured resin from the surface and
printed structure, it should undergo a sufficient washing process with alcohol-based
washing solutions. Additionally, utilizing resin-dissolving agents to reduce the residue of
monomers is essential. However, these practices might affect the mechanical properties
and eventually to the release kinetics of the drug. [50] Furthermore, dexamethasone
(DEX) has been shown to degrade when exposed to UV-light [51], which may create

challenges to achieve design intent with VPP.

Material extrusion (MEX) is another interest in manufacturing polymeric pharmaceutical
products such as implants and drug delivery systems due to its versatility, capability to
form complex structures and cost savings. MEX is based on forcing high-viscosity mate-
rial through a nozzle onto a platform layer by layer. This can be done by introducing heat
or pressure to the material. The drawbacks of the processing technique are related to
interlayer adhesion and anisotropic material properties, causing decreased durability and
strength [52,53]. One popular subset utilized in manufacturing drug implants is semi-
solid extrusion (SSE) in which gel or paste are sequentially deposited in layers to create
unique structures. SSE employs low temperatures in 3D-printing and allows the use of
disposable syringes, thereby supporting the fulfilment of critical quality requirements and
making it an attractive approach for pharmaceutical applications [54]. MEX utilize heat
in their processes, which may limit the achievable drug loading and processing condi-
tions for RNIs. DEX has been shown to undergo degradation at temperatures above
approximately 180 °C [55], which limits the applicable processing temperatures.

While 3D-printing technologies offer advantages that traditional manufacturing methods
cannot achieve, particularly in enabling personalized and complex DDCs, they also in-
troduce unique challenges in ensuring consistent product quality and safety. Variability
in materials, process parameters, and product scale complicates process control, vali-
dation and batch definition which are central elements in pharmaceutical manufacturing.
As these technologies enable personalized production beyond mass production para-
digms, clear understanding of the applicable regulatory framework and GMP require-

ments are crucial in ensuring safe and effective DDCs.

2.4.1 Manufacturing process of RNIs

Manufacturing process of RNIs is a multistage procedure that involves computerized

modeling, bioinks and 3D-printing technology. The manufacturing process is illustrated
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in Figure 2. Rough categorization into three stages include computational modelling, ma-
terial fabrication and post-processing stages, followed by quality assurance and packag-
ing and labeling. Computational stages include imaging, segmentation, editing and con-
verting the data into a printable format. These stages are critical because deviations in
imaging resolution, segmentation accuracy, or file conversion may directly affect the an-
atomical fit and functionality of the final implant. The imaging of RWN is necessary for
personalized structure. By segmentation, the image is sorted from the background, en-
abling more precise analysis of the physiological structure. By editing, the resolution of

the image can be improved and finally converted to match the STL format. [47,56,57]

Material fabrication includes material preparation and 3D-printing. PEGDA is commer-
cially available in liquid and powder form. The properties of the material can be modified
by additional substances such as other biodegradable polymers. If RNIs are manufac-
tured with vat photopolymerization, a photo initiator must be added to the solution to
enable curing as PEGDA exhibits long curing times. This is produced by adequate dis-
solving and stirring procedures. Throughout the preparation, the photo initiator should
be protected from the light to avoid unintended light absorption. [58] Furthermore,
PEGDA has a low viscosity demanding additives for enabling the use of material extru-

sion as a manufacturing technique [59].

Although different 3D-printing methods may be used, all require control of print accuracy,
resolution, material handling, and cross-contamination [47,56,57]. Therefore, these
methods were treated as a single manufacturing stage in the present study. Thus, meth-
odologies are considered as one processing step throughout the study, followed by post-
processing, which includes finishing and sterilization of printed RNI, as the curing is
mostly done while printing. Finishing means that the potential supporting structures are

removed from the print.
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Figure 2 Manufacturing process of RNIs with typical 3D printing methodologies for pol-
ymers. Adapted from [47].

RNIs containing PEGDA and DEX can be sterilized either by gamma irradiation or eth-
ylene oxide sterilization [60,61]. Gamma sterilization is based on high-energy gamma
rays, which efficiently penetrate dense materials and destroy microorganisms. However,
gamma irradiation may affect both the polymer structure and the stability of DEX. Eth-
ylene oxide sterilization is performed at low temperature and may therefore be more
suitable for DEX-containing implants. Nevertheless, the toxicity of ethylene oxide limits
its use, as residual ethylene oxide may remain in the material after sterilization and must

be removed before clinical use [62].



14

2.5 Good manufacturing practice requirements in the EU and
us

2.5.1 Good manufacturing practice in pharmaceuticals

For DDCs, the basic principle of the legislation intended to be complied with is deter-
mined by PMOA. When the pharmacological action is considered primary, manufacturing
activities must comply with GMP requirements. [13,63]Consequently, understanding
GMP principles is essential when evaluating manufacturing requirements for personal-

ized drug-device combinations.

The formal development of GMP principles emerged in response to serious public health
incidents in the early and mid-20th century. These adverse events involving contami-
nated or inadequately tested medicinal products revealed that end-product testing alone
is insufficient to ensure safety [64]. As a result, regulatory authorities in both the United
States and Europe progressively established structured requirements for improving drug
safety. The development of requirements expanded to include manufacturing processes,
quality control and documentation. Legislative milestones such as the Kefauver-Harris
Drug Amendments (1962) in the United States and the development of EU GMP guide-
lines (1989) formalized the expectation that product quality must be built into the manu-

facturing process rather than verified solely through final inspection [65,66].

At its core, GMP is designed to minimize the risks associated with production processes
that cannot be eliminated through sampling. Instead of focusing exclusively on product
outcomes, GMP emphasize systematic process control, validation, documentation and
traceability as integral components of quality assurance. These principles are embedded

within a boarder quality management system (QMS) [67 p.48-50].

First, GMP requirements demand that each manufacturing process must be clearly de-
fined and controlled. Thus, each manufacturing stage should be specified, monitored
and evaluated to ensure that production achieves consistently the predefined quality
standards. In traditional pharmaceutical manufacturing this consistency is met by stand-
ardized batch production [67 p.48-50]. However, in the case of 3D-printed personalized
DDCs, process control becomes more complex. Individualized characteristics of the
product such as dosing or patient specific geometries and adjustable printing parameters
might introduce controlled variability to the process. Therefore, compliance no longer
requires the uniformity of individual units, but validation of acceptable process bounda-

ries within which personalized products remain safe and effective [68] .

Second, validation is a central GMP requirement. All critical steps of manufacturing pro-

cesses and their significant changes must be validated to demonstrate reproducibility
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and reliability. For conventional mass-produced pharmaceuticals, validation is based on
repeated production of identical batches.[67 p.52] As personalization intentionally pro-
duces unique outcomes, it challenges the traditional validation paradigm. Therefore, the
focus on validation must be shifted to demonstrating robustness of the manufacturing
platform and its ability to consistently operate within predefined critical process parame-
ters [68].

Third, documentation and traceability are fundamental elements of GMP. Comprehen-
sive records must be maintained to demonstrate that all manufacturing stages were per-
formed as specified and that any deviations are appropriately investigated. In addition,
GMP requires that all manufacturing activities are supported by adequate organizational
and technical resources. This includes appropriately qualified personnel, suitable prem-
ises and facilities, validated equipment and utilities, proper materials and controlled stor-
age and distribution conditions. [67 p.48-57] Collectively, these requirements may be
challenged by the variability introduced through personalized and 3D-printed manufac-
turing approaches. Documentation may need to be extended beyond batch manufactur-
ing records to include digital-design files, patient-specific input data, software-controlled
parameter sets, and version control of manufacturing models. These digital dimensions
increase the complexity of traceability and may necessitate the integration of data man-
agement systems. Furthermore, personnel may require multidisciplinary expertise, com-
bining pharmaceutical quality knowledge with competencies in digital modelling and 3D
printing. Similarly, facilities may need to integrate cleanroom environments with ad-
vanced printing systems and software-controlled process platforms, all operating within
a unified QMS. [68]

Finally, GMP requires continuous quality improvement. In traditional manufacturing
these are ensured with risk management, deviation handling and corrective and preven-
tive actions (CAPAs) [69]. The same mechanisms are particularly relevant in novel tech-

nologies, where emerging risks might not be fully addressed in regulatory guidance.

Although the fundamentals objectives of GMP are harmonized internationally, differ-
ences in regulatory implementation and oversights exist between jurisdictions. These
differences may have practical implications for manufacturers of 3D-printed personalized
DDCs. Thus, identification of applicable guidance in each jurisdiction is necessary for

evaluating potential challenges in commercialization of such products.

2.5.2 Key concepts of good manufacturing practice

In pharmaceutical manufacturing, quality management refers to the organizational

framework through which quality policies are defined, implemented and maintained. The
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basic elements of quality management are pharmaceutical quality system (PQS) which
encompasses the organizational structure, procedures, processes and resources in ad-
dition to systematic actions necessary for ensuring adequate confidence in product ca-
pability to meet predefined quality requirements [70]. The totality of these actions consti-
tutes quality assurance (QA), which establishes the foundation of quality management.
Within the PQS, quality assurance, GMP, quality control (QC) and quality risk manage-
ment (QRM) function as complementary components. GMP defines the operational man-
ufacturing requirements, QC verifies product conformity through testing and release pro-
cedures, and QRM supports science-based decision-making through systematic risk as-
sessment. The aim of the manufacturers is to ensure that their products are suitable for
their intended use, comply with the requirements of marketing authorizations and do not

compromise patient safety [71].

To achieve this PQS objective, science-based decisions, continual improvement and
permanent control of products and processes are required. Globally, the implementation
of PQS follows the framework provided by the World Health Organization (WHO), and
the International Council for Harmonization (ICH) Q10 model, which identifies knowledge
and quality risk management as key enablers. The aim of knowledge management is to
capture facts and data, create an understanding and filter them and share the knowledge
with relevant personnel. This approach is systematic for acquiring, analyzing, storing and
distributing information related to products, manufacturing processes and components.
GMP forms the core practical level of describing how to operate, what potential precau-
tions to take and which points need to be checked, whereas PQS is focused on attaining
and ensuring GMP compliance [72 p.159]. Key factors in practical applications include
personnel, premises and equipment, documentation, production, quality controls, out-
sourced activities, complaints and recalls, as well as self-inspections. These actions are
described according to EudraLex — volume 4, [73] in the following chapters and illustrated
in Figure 3. Even though the EudralLex covers the legislation in the EU, the key concepts

of GMP apply in both jurisdictions.
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Figure 3 Schematic illustration of key concepts in GMP: Personnel, premises and equip-
ment, documentation, production, quality control, outsourced activities, complaints and
recalls and self-inspections. Based on [73].

The responsibility for ensuring the quality of pharmaceutical products rests with the qual-
ified personnel. Individual roles and responsibilities must be clearly defined, documented
and understood within the organization. Personnel must possess appropriate education,
training and experience relevant to their assigned duties. Continuous training programs
should be implemented, and newly recruited personnel must undergo structured orien-
tation to ensure compliance with GMP requirements Premises and equipment must be
suitable for their intended operations and designed, constructed and maintained to min-
imize contamination risks and operational errors. Appropriate environmental controls,
cleaning procedures and equipment maintenance support consistent product quality. All
equipment involved in manufacturing and quality control must be appropriately qualified,
calibrated and maintained within the QMS. [73]
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Documentation forms a critical component of GMP. All documentation used to establish,
monitor, and record the activities impacting product quality must be defined within the
QMS. Furthermore, the QMS should provide clear and effective instruction to ensure a
common understanding of requirements and maintain comprehensive records of pro-

cesses and related evaluation. [73]

According to GMP [73], production activities must be conducted in accordance with val-
idated procedures and controlled procedures. Measures preventing mix-ups and cross-
contamination are essential. Access to production areas should be restricted to author-
ized personnel to ensure process integrity. QC includes sampling, specification setting,
testing and release procedures to verify that the product meets predefined quality criteria.
Independence of QC for production functions is necessary to ensure objective decision-
making. Outsourced activities must be governed by formal agreements defining respon-
sibilities and quality requirements. Effective systems for complaint handling, recall man-
agement, deviation investigation and CAPAs must be established. Self-inspections are

required to monitor compliance and identify opportunities for continuous improvement.

2.5.3 Regulatory framework in the EU

In the European Union (EU), the regulatory framework is based on risks associated with
medical products. For DDCs, PMOA plays a key role in identifying applicable regulatory
pathways. Where the PMOA is physiological, Medical Device Regulation (MDR) applies
with adjustments from pharmaceutical legislation [8]. Medical devices have four risk-
based classes |, lla, IIb and lll, illustrated in Figure 4. Regulatory scrutiny increases with
risk classification. [74] The level of clinical and technical documentation required de-
pends on assigned risk class. For medical devices incorporated with an integral medici-
nal product, a conformity assessment procedure is required to demonstrate compliance
with the applicable regulatory framework. Medical devices must obtain CE marking. This
process necessitates the involvement of the competent authority or consultation with the
expert panel coordinated via the European Commission or the Medical Device Coordi-

nation Group. [8]
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DDCs with pharmacological PMOA are primarily regulated under pharmaceutical legis-
lation and must also comply with the relevant safety and performance requirements set
out Annex | of the MDR. As combination products are not fully governed by single regu-
lations, manufacturers must assess product characteristics to determine all applicable
regulatory requirements. Depending on the configuration, different regulatory provisions
may apply. For approval, DDCs require the involvement of a Notified Body responsible
for device constituent parts, as well as authorization by the authority responsible for me-
dicinal products. Based on the substances used, the authority might be a Competent
Authority or EMA. [2] Even though there is a difference in regulatory pathway based on
PMOA, the EU does not have a separate department to determine the jurisdiction for

combination products [8].

Pharmaceutical legislation in the EU is primarily based on Directive 2001/83/EC relating
to medicinal products for human use and Regulation (EC) No 726/2004, which estab-
lishes the centralized marketing authorization procedure and defines the role of the Eu-
ropean Medicines Agency (EMA). According to Article 46 of the directive 2001/83/EC,
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holders of a manufacturing authorization must comply with the principles and guidelines

of good manufacturing practices as laid down in EU legislation [75,76].

While GMP principles are broad and high-level, their practical implementation is sup-
ported by detailed guideline provided in EudraLex volume 4, which requirements appli-
cable to pharmaceutical manufacturing, including production, quality control, packaging,
and storage [73]. The core GMP principles are further complemented by annexes imple-
mented in EudraLex volume 4, addressing specific manufacturing contexts and techno-

logical developments.

GMP requires validation of critical manufacturing processes. In the EU, three approaches
to process validation are recognized. The basic principle of the traditional approach is to
confirm reproducibility by manufacturing several batches under routine conditions. The
number of batches is justified by risk management principles, allowing the normal range
of variation and trends to be established through data evaluation. In addition, a process
validation protocol should determine critical process parameters (CPPs) and critical qual-
ity attributes (CQAs) which directly affect the quality and safety of the product. Manufac-
turers must determine acceptable criteria for the CPPs and CQAs based on process
knowledge and developed data. As an alternative, manufacturers might use continuous
process verification. The criteria for utilizing continuous process verification are based
on a quality by design approach, where it has been scientifically established during de-
velopment that control strategies provide a high degree of quality assurance of the prod-
uct. The method utilized must be verified and regularly evaluated and should cover re-
quired attributes for incoming materials, CQAs and CPPs. Finally, the hybrid approach
combines the traditional approach and continuous process verification and can be used
if a substantial amount of product and process information and understanding has been

gained from manufacturing experience and historical batch data. [73]
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2.5.4 Regulatory framework in US

In the US, DDC products fall under the oversight of the Food and Drug Administration
(FDA). The regulatory framework is risk-based, ensuring safe and efficient medicinal
products on the market. Medical devices are categorized as class Ill (high risk), class Il
(moderate risk) and class | (low risk) based on the level of scientific evidence needed to
ensure safety and efficacy of the device. However, for drugs the FDA does not apply
formal risk classification. Instead, drugs are assessed based on several factors, such as
novelty (e.g. new molecular entity), therapeutic potential and severity of condition in-
tended to treat. [77]

According to the FDA, DDCs are classified as combination products and regulated
through the Office of Combination Products (OCP). OCP is responsible for assigning
medical product centers for review, helping to coordinate timely, effective and aligned
reviews of combination products and overseeing the post-market activities of combina-
tion products. Thus, OCP coordinates reviews across relevant FDA centers based on
the product's PMOA and the regulatory pathway. For DDCs with a pharmacological
PMOA, Center for Drug Evaluation and Research (CDER) is responsible for evaluating
the performance and safety of the drugs. Other combination products and their evalua-
tion fall under Center for Devices and Radiological Health (CDRH) or Center for Biologics
Evaluation and Research (CBER). [78] The center assigned has the primary jurisdiction
for the regulation of the product, as agency centers co-operate to ensure appropriate,
consistent regulation. Uncertainties or disagreements can be handled by submitting a
request for designation (RFD) to obtain a binding classification for the combination prod-
uct. [79]

Code of Federal Regulations (CFR) constitutes the official collection of general and per-
manent rules issued by the executive departments and agencies of the United States
federal government. For combination products, an integrated approach is used where
CFR title 21, subchapter A, part 4 specifies which aspects of current GMP (cGMP) re-
quirements of drugs or medical devices apply. If the product contains a constituent part
of a drug, CFR 21 Parts 210 and 211 apply, and for a constituent part of a device, the
applied requirements are in CFR 21 Part 820 [80]. In other words, GMP requirements
are legally binding for manufacturers of medical applications. However, if the manufac-
turer has placed medical products on the market and is developing a new product whose
PMOA falls outside the scope of the current quality management system (QMS), the

QMS must be updated for those aspects not covered by current procedures.
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The PMOA of a combination product determines both the responsible review center and
the applicable marketing authorization pathway. As illustrated in Figure 5, the regulatory
pathway first depends on whether the product is primarily regulated through its device or
drug constituent. For device-led combination products, the application type is a pre-mar-

ket approval (PMA), De Novo or pre-market notification 510(k). [79]

For a drug-led combination product, a new drug application (NDA) or an abbreviated new
drug application (ANDA) is submitted. For DDCs, an NDA is a generally appropriate mar-
keting authorization pathway for other than generic versions of DDCs on the market. The

aim of NDA is to provide accurate information for answering the following questions:

1) Is the drug safe and efficient for its intended use, and if so, do the benefits of the

drug outweigh the risks?

2) Is the drug’s proposed labeling appropriate, and does it contain enough relevant

information?

3) Are the methods used in manufacturing the drug and the controls used to main-
tain the drug’s quality accurate to preserve the drug’s identity, strength, quality

and purity?

The submission covers the product lifecycle, including formulation, non-clinical and clin-
ical data, pharmacology, and manufacturing and packaging controls. Provided infor-

mation is used for the permit FDA review. [81]

To determine regulatory obligations for demonstrating the safety and efficacy of a com-
bination product, the FDA evaluates relevant questions and issues based on statutory
and regulatory provisions that apply to each constituent part. This assessment is con-
ducted both for combination products as a whole and for their integral parts [79]. Thus,
the data provided for device components must comply with applicable device classifica-
tion standards, even if the overall product is regulated as a drug-led combination and

vice versa.
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Figure 5 lllustration for market approval pathways for integral parts of novel combination
products. Based on [81-85].

To enter the US markets, PMA approval is required for class Ill devices. The FDA deter-
mines a decision for PMA approval based on the information provided in the PMA, which
should contain sufficient valid scientific evidence to assure the safety and efficacy of the
device or combination product [83]. The De Novo pathway is intended for novel devices
for which an appropriate risk classification must be established. Additionally, De Novo
can be utilized for devices undergoing re-classification due to changes in aspects criti-
cally influencing the safety of the product, such as a change of intended use [82]. Finally,
a 510(k) submission is intended for devices that are substantially equivalent to a legally
marketed predicate device. The purpose of 510(k) is to demonstrate a substantial equiv-
alence through comparative analysis. This process does not require clinical evidence if
the substantial equivalence can be established based on technological characteristics
and intended use. [85]

The updates to regulatory requirements in the US are published daily in the Federal
Register, which allows for amendments to specific sections of the regulations without
needing to update the whole CFR at once [86]. Furthermore, the FDA issues guidance

documents providing detailed recommendations on interpreting and applying cGMP to
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the product. While these guidelines are not legally binding, they are widely followed and
reflected in the agency’s current thinking of regulatory expectations [87]. In addition, the
FDA maintains internal inspection guides, which support auditing procedures by outlining
best practices in manufacturing. Although these documents are not public, they play a

key role in how the inspections are conducted in practice [88].

FDA highlights that the effective process validation contributes significantly to assuring
drug quality. Quality assurance is based on ensuring that the drug fits its intended use
and ensuring that the quality, safety and efficacy are built into the product and under-
standing that the quality assurance cannot be performed merely with in-process and fin-
ished product inspection or testing. Thus, each step of the manufacturing process should
be controlled. [89]

FDA determines the process validation as the collection and the evaluation of the data,
from the process design stage to the commercial product providing scientific evidence of
the remaining quality of the product in constant production. Thus, the process validation

activities are described in three stages:

1) Process design: The definition of commercial manufacturing process based on

knowledge gained from development and scale-up activities.

2) Process qualification: Evaluation of process design and its capability for repro-

ducible commercial manufacturing.

3) Continued process verification: Ongoing assurance that the process remains

the state of control during routine production.

Information and data collected from laboratory, pilot and commercial scale studies should
demonstrate the applicability of producing acceptable quality within commercial manu-

facturing. [89]

2.5.5 Regulatory challenges in implementing drug-device combi-
nations

Combination products face multiple regulatory challenges due to their hybrid nature,
combining characteristics of drugs, devices, and in some cases biologics, and therefore
require manufacturers and regulatory authorities to address several complexities. The
main challenges cover classifying these products, determining the PMOA and choosing
the correct regulatory pathway. In addition, overlapping regulations might cause signifi-
cant challenges in finding the correct regulatory authority. Novel technologies challenge

the regulatory landscape further as integration of digital technologies in the production
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of combination products demands adaptive regulatory guidelines [9]. For example, a
personalized RNI may require simultaneous compliance with requirements related to im-
plantable medical devices, pharmaceutical products and software-controlled design files,
which may introduce further regulatory requirements related to patient data protection,
software validation and cybersecurity [90]. Existing regulations do not always clearly

specify how these requirements should be combined for patient-specific products.

Reis et al. [2] conducted a regulatory study for novel skin scaffold, which has an ability
of on-demand drug release with external stimuli. Without photothermal effect, the scaf-
fold promotes wound healing based on the properties of the scaffolds. Thus, with external
stimuli PMOA would be a drug. However, without it, the classification would be medical
device. This functional variability led to unclear PMOA highlighting the need for clarifica-
tion for the classification of DDCs. The study therefore proposed pathways of proper
identification of the PMOA for DDCs, illustrated in Figure 6. However, while the study
proposes a route for finding accurate PMOA and a proper regulatory pathway for com-
mercialization, it does not address the regulatory challenges related to manufacturing.
Novel manufacturing technologies for complex medicinal products have a limited number
of guidelines and standards to follow and operate outside traditional mass-production

frameworks.
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Figure 6 Classification and regulatory framework of drug-device combinations based on
their primary mode of action as either a medicinal product or a medical device [2].

3D-printing enables the personalization of medicinal products such as DDCs to better
meet the needs of individual patients. However, as discussed earlier, production volume
plays a critical role in determining whether a product is classified as custom-made under
the current regulatory frameworks. 3D-printing technologies facilitate the personalization
of drug-device combinations, which can result in variations in shape, size or concentra-
tion of APIs even when the formulation of the device part remains the same. Further-
more, these technologies rely heavily on digital design and manufacturing workflows,
introducing potential challenges in data integrity, traceability and cybersecurity. The lack
of legal clarity and harmonized standards represents a significant challenge to broader
implementation of 3D-printing in clinical practice, despite the substantial benefits for pa-

tient-specific solutions. [78,91,92]
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3. MATERIALS AND METHODS

3.1 Research process

The research was conducted in a mixed-method manner. As the study is based on sys-
tematic analysis, interpretation, and comparison of existing GMP regulations and regu-
latory guidelines for combination products, it aligns with legal research applied in a reg-
ulatory and technical context. The research does not limit specific techniques of collect-
ing and analyzing data. Instead, mixed method utilizes various techniques from two or
more methodological traditions to assess the aims of the study [93,94]. The research
combines a systematic literature review, a hazard and operability study and a compara-
tive study within a case study framework. Methodological choice is based on the objec-
tives set to the study. The purpose of a case study is to generate an in-depth under-
standing of a selected topic, enabling an understanding of the particularity and complex-
ity of the case [95 p.7-12]. The singular purpose of the case study is inferential utility
[93,94]. Certain characteristics are identified in the cases, one of them being the benefit
of examining “why” or “how” questions [93 p.40], which is the focus of this research to

address a deep understanding of the product.

The case chosen for this study is based on the anatomical variety of the round window
niche demanding personalized solutions for accurate placement of the implant and im-
proved drug delivery [24]. It represents a personalized drug-device combination product
with an advanced manufacturing method. The applicable GMP regulations related to the

product type were systematically analyzed to assess their coverage of critical processes.

To achieve the aim set for the study, the study follows three phases within the case. First,
a systematic literature review was produced to collect data for risk analysis in manufac-
turing RNIs. Followed by a hazard and operability study (HAZOP) for identified risks to
gather an in-depth understanding of the manufacturing process of RNIs. The aim of the
HAZOP analysis is to collect data for mitigating existing risks. Finally, the results of the
HAZOP analysis were mapped against the GMP guidelines of the EU and the US to
indicate available guidance and potential gaps in regulatory frameworks. A schematic

illustration of the research strategy is presented in Figure 7.
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Figure 7 Schematic illustration of research process.

Both jurisdictions have recognized the need for clearance of achievement of regulatory
compliance with complex combination products [3,96]. The methodology used in this re-
search provides a practical view of the clarity and efficacy of the current GMP require-
ments in the EU and US. By utilizing a mixed-method approach, distinct perspectives of
the phenomenon can be observed, contributing to knowledge production and generali-
zability [94 p.99-112]. The phases used in this approach are precisely presented in the

following sections.
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3.2 Systematic literature review

The first phase of the study was conducted by a systematic literature review to identify
unintended outcomes of RNI manufacturing. These outcomes were further analyzed in

HAZOP analysis to identify which processing steps pose the risk identified from literature.
A review question for the study is:

“What are the potential risks in the manufacturing process of drug eluting RNIs affecting

to the quality of the end product?”

To provide a comprehensive and reliable overview of existing research on quality-related
risks in RNI manufacturing, the literature research utilized multiple databases: Web of

Science, PubMed and Wiley. In these databases, the search was conducted by using

LT ”

the following keywords: “RWN”, “round window niche”, “implants”,

”

patient-specific”, “an-

(L] ”

, “dexamethasone”, “ad-

LT LT ” ”

atomical models”, “drug delivery”, “inner ear”, “quality”, “safety
ditive manufacturing” and “3D-printing”. Boolean operations, such as AND, OR and NOT,
were applied to refine the results. Used keywords and Boolean operators are illustrated

in Table 1.
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Table 1 Keywords used in systematic literature review with Boolean operators.

Keywords with Bool- . ]
Pubmed Wiley Web of Science
ean operators

"Round window niche" AND
"Implant" AND "3D-printing" 3 1 27

Round window niche AND
"Implant” AND "quality" 0 14 27

Round window niche AND
"patient-specific " OR "ana-
tomical models" AND "Dex- 0 5 27

amethasone"

“Additive manufacturing “
AND "round window niche" 1 0 22

“Drug delivery” AND "inner
ear" AND "dexamethasone" 56 38 45

3D-printed AND

"Patient-specific" AND 116 674 51
Quality

The eligibility of the chosen studies was based on the relevance of the topic, the year of
publication between 2017-2025 and the availability of the full text. The literature review
was intentionally limited to a small number of highly relevant publications to support risk
identification. A target range of five to ten articles was defined to ensure sufficient depth
for process-level risk analysis without compromising the clarity and applicability of the
subsequent hazard and operability studies. The boundaries of the systematic literature
review were set according to the risk-relevant processing steps of the manufacturing of
RNIs. Therefore, chosen articles must include potential risks considering segmentation,
digital editing, slicing, material fabrication and post-processing. Duplicate records were
removed. The restrictions were applied to ensure reliable, comprehensive, focused da-

tasets suitable for the identification of the risks associated with the manufacturing of



31

RNIs. The identified risks were set as the foundation for hazard and operability study.
The articles were applied to the study if they met one or more of the following criteria: 1)
the article studied a specific processing step (Figure 2) relevant to the RNI manufactur-
ing, 2) the article included PEGDA or DEX in the study of personalized medical device
or 3) the article studied relevant additive manufacturing method with polymers. The re-
sults of the systematic literature review were presented as results in a tabular form, sum-
marizing the identified risks. When incorporating with inclusion criteria related to unit pro-
cesses, materials and additive manufacturing, a total of five articles were approved for
risk identification. Applicated articles are presented in Table 2. Each of these article’s
insights are closely related to manufacturing of RNIs, highlighting printing process, mod-

elling, and used materials and equipment.



Table 2 Selected articles for risk identification.
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Heading

Source

Approval criteria

3D-printing of dexame-
thasone-loaded polycapro-
lactone-enhanced alginate
hydrogels for individualized
implants in inner ear therapy
Development and In-Silico
and Ex-Vivo Validation of
Software for a Semi-Auto-
mated Segmentation of the
Round Window Niche to De-
sign a Patient Specific Im-
plant to Treat Inner Ear Dis-
orders

Development of a drug deliv-
ering round window niche im-
plant for cochlear pharma-

cotherapy

Safety and audiological out-
come in a case of series of
tertiary therapy of sudden
hearing loss with a biode-
gradable drug delivery im-
plant for controlled release of
dexamethasone to the inner

ear

Quality assurance of patient
specific anatomical models:

systematic review

Luo et al., 2024
[97]

Matin-Mann et
al., 2023 [57]

Wei et al., 2024
[98]

Plontke et al.,
2022 [99]

Shculze et al.,
2024 [47]

DEX included and relevant additive man-

ufacturing method used.

Specific processing step i.e. segmenta-

tion

DEX included and relevant additive man-

ufacturing method used.

Polymer-based biomaterial interacts as a

drug carrier for DEX.

Specific processing step i.e. 3D-printing.

Luo et al. 2024 [97] and Wei et al. 2024 [98] provide direct and substantive insights into

manufacturing-related risks, given that both studies aim to develop fabrication strategies

and material formulations intended for inner ear therapeutic applications. Therefore,

identification of hazards associated with material properties, drug-loading stability, man-

ufacturing variability and the reproducibility of implant performance can be justified based

on these studies. The remaining articles contribute complementary evidence pertaining

to design-specific risks, anatomical and software-assisted modelling uncertainties, and

clinically observed safety outcomes, all relevant for patient safety and product efficacy.
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Taking together, the literature review provides a sufficiently broad and scientifically
grounded basis for risk identification in accordance with contemporary quality and regu-

latory frameworks.

3.3 Hazard and Operability Study

Risk analysis is a systematic study for identifying and describing possible failure points
of planned procedures, their causes, likelihoods and consequences. Achieving the de-
termination of risk, analysis should answer to what could go wrong with which probability

and what the possible consequences are [100].

Hazard and operability study (HAZOP) is widely used risk management techniques in
process industries for structural analysis of a system, process or operation. It is one of
the recommended approaches in production risk management in scientific guidelines
ICH Q9 of the GMP [73,101]. Throughout the HAZOP study predefined guidewords were
utilized in deliberate research to search for deviations from design intent. The aim of
HAZOP analysis was to obtain where the risks identified in systematic literature review
could occur during the manufacturing process. Furthermore, HAZOP analysis was uti-
lized as a tool to identify the potential risks with actions required. In the HAZOP analysis,
each identified risk was assessed from multiple perspectives by considering deviation
from intended design and their possible consequences. The frequency calculations were

added to the result to highlight the relevance of risk control.

To facilitate HAZOP analysis, the system was divided into parts in a manner that pro-
vided an adequate definition of the design intent or function of each part. For each part,
the design intent describes the properties that convey its essential characteristics and
their natural divisions of the part [102]. To encompass all the operability hazards, the
case is evaluated throughout the life cycle of the DDC. Analysis utilizes the guidewords

illustrated in Table 3.
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Table 3: Guidewords and meanings for HAZOP study: the guideword illustrates the de-
viation compared to the design intended. Meaning describes the consequence related to
the deviation.

Guideword Meaning
No Complete negation of design intent
More Quantitative increase
Less Quantitative decrease
As well as Qualitative modification/increase
Part of Qualitative modification/decrease
Reverse Logical opposite of design intent
Other than Complete substitution

To achieve the aims of the study, qualitative HAZOP analysis was applied to the manu-
facturing process of RNIs (Figure 2), aiming to identify the underlying causes and poten-
tial consequences of each risk scenario. Each process step of manufacturing RNIs was
analyzed individually, based on risks identified in the systematic literature review. The
approach aims to provide a structured framework for risk assessment and management,
supporting the development of actions required to mitigate the identified risks. The ac-
tions required were presented as a result in a tabular form and set as a foundation for

the GMP regulatory coverage assessment.

The HAZOP analysis conducted to RNI manufacturing process is illustrated in Table 4.
However, detailed observations of the HAZOP analysis are presented in Appendix A.
For the illustration, 3D printing is utilized. First, Luo et al. [97] state that the viscosity of
the material is related to the printing quality. Therefore, challenges in viscosity pose a
risk of too rapid material flow on the printing platform, causing material spreading. Devi-
ation affects the size and shape of the intended structure, causing a qualitative decrease
in the print. Therefore, the HAZOP guideword used is “part of” as it represents qualitative
modifications. Next, possible causes for the deviation are determined, followed by pos-
sible consequences related to the process and safety of the product. It is worth noting
that the same risk might include several potential causes and thus appear in multiple
processing steps. Finally, through the analysis, actions required for mitigating risk were

determined.
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Table 4 Schemaitic illustration of HAZOP-analysis procedure

The viscosity of the material affects
Identified risk from literature printability

Luo et al., 2024 [97]

Source
Processing step 3D-printing
Guideword Part of
Element Material flow
Viscosity
Possible causes
Temperature

Print does not hold its shape, no print,

Consequences dry print

Rheological measurements, environmen-

Actions required =
tal monitoring

3.4 Regulatory coverage assessment

Further contextualize the regulatory coverage assessment, affected areas identified
through the HAZOP analysis were used as the basis for the availability and specificity of
EU and US guidelines. The aim of the examination was to identify areas within the RNI
manufacturing process that are explicitly addressed by GMP guidelines, as well as those
that lack clear and comprehensive regulatory guidance. Each action required was
mapped against relevant regulatory frameworks and evaluated in a binary format. The
mapping was performed by systematically screening applicable EU and US GMP regu-
lations and guidelines such as EU GMP volume 4, relevant annexes and corresponding
FDA guidelines for explicit or implicit references to the actions required, including direct
requirements or described expectations relevant to the identified action within a pro-
cessing step. The results were presented in binary format (Yes/No), indicating whether
the direct guidelines exist for each action. An action was marked as “Yes” when the
guideline addressing the action was identified, and as “No” when no explicit guideline

was found. Additional comments were provided where partial or ambiguous guidelines
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were identified. The YES/NO classification was developed to evaluate the current regu-
latory guidelines to the affected areas resulted by HAZOP analysis for RNI manufactur-
ing. The aim of the classification was to link process specified risks directly to the pres-
ence or absence of regulatory support. This approach provides structural identification
of potential regulatory gaps and insights into the harmonization of GMP practices across
the different jurisdictions for personalized drug-device combination products. Altogether
23 documents were identified of which 18 were GMP guidelines, of which 10 originated
from EU GMP and 8 from US GMP. Remaining 5 documents are not recognized as offi-

cial guidelines but can be useful in demonstrating compliance.
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4. RESULTS

4.1 Identified risks

Altogether 12 risks were identified. The identified risks found from the articles are sum-
marized in Table 5. The risks identified related to four aspects compromising the quality

of the product: imaging methods, raw materials, printability and biocompatibility.

Schulze et al. 2024 [47] and Matin-Mann et al. 2023 [57] stated that imaging methods
might lack accuracy due to cumulative errors that occur in the imaging process. For
patient-specific anatomical imaging procedures are vital for successful outcomes. To
create a printable model, the target structure must be segmented and edited to accurate
file format. Each modification endangers the originality of the created implant as it may
create deviations during segmentation or converting to STL file. Therefore, unintended

printing outcomes might be due to unproper imaging and converting methodologies.

The basic principle of drug eluting RNI is to ensure that efficient drug release is enabled
to the inner ear. Wei et al. 2024 [98] controlled local drug delivery through RWN with
guinea pigs. 3D-printing was utilized for manufacturing one-size drug eluting RNIs. The
results showed a positive outcome in developing a biocompatible RNI, which can be
used to deliver drugs precisely to the RWM in guinea pigs, serving as an animal model
for inner ear disorders. However, the study highlights that the effect of hardness, viscos-
ity and drug concentration may affect the availability to meet the printing tolerance and

ultimately the overall quality and safety of the product.

One of the risks identified through systematic literature review involved the unmet me-
chanical properties of the print and unmet biocompatibility of the product. The lack of
mechanical properties can lead to several functional disadvantages such as drug re-
lease. According to Luo et al. 2024 [97], mechanical properties can be affected by the
quality of the used raw materials. Clinical grade raw materials support optimum clinical
use. However, these materials weren'’t utilized in the study. Properties of the used raw
materials are closely related to the accuracy of the prints in addition to the biocompati-
bility of the product. The consistency of the raw materials and precise mixing ratio of
utilized components had a significant impact on the printability and the mechanical prop-
erties of DDC. Both Luo et al. 2024 [97], and Wei et al. 2024 [98], discussed that the lack

of optimum mixing ratios or fluctuations can affect the homogeneity of the ink and ulti-
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mately the precision of the print. In addition, mixing ratios are closely related to the chem-
ical reactions occurring. Plontke et al. 2022 [99], highlighted that residual solvents from

chemical reactions are risk for properties of the implants.

The systematic literature review summarizes that in addition to the utilized raw materials
and biocompatibility, the printability of the material can be compromised by various rea-
sons. Luo et al. 2024 [97], mentioned that the unmet viscosity of the material enables
printing failure. Furthermore, several studies stated that during printing there is a possi-
bility of producing prints that do not meet printing tolerances. In addition, throughout sys-
tematic literature review risks related to the quality of the print were identified. These
risks include surface stability of the print and limited dimensional stability of the print,

both crucial for usability of the product.



Table 5 Schematic illustration of identified risks from systematic literature review

39

Identified risk from literature

Source(s)

The result of segmentation deviates from
original structure

The print-STL deviates from the result of
segmentation

The intended amount of drug doesn't meet
target tissue

The properties of utilized biomaterials do not
meet the criteria set for raw materials

The ratio of used raw materials affects print-
ability

Prints do not meet intended
mechanical properties

Residual solvents are remaining in the im-
plants

The viscosity of the material affects printabil-
ity

RNI samples do not meet printing

tolerance

The print fails with surface stability and
swells

RNI samples aren't biocompatible

Limited dimensional stability

Shculze et al., 2024 [97]
Matin-Mann et al., 2023 [57]

Shculze et al., 2024 [47]

Wei et al., 2024 [98]

Luo et al., 2024 [97]

Wei et al., 2024 [98]
Luo et al., 2024 [97]

Wei et al., 2024 [98]
Luo et al., 2024 [97]

Plontke et al., 2022 [99]

Luo et al., 2024 [97]

Wei et al., 2024 [98]
Shculze et al., 2024 [47]
Luo et al., 2024 [97]

Luo et al., 2024 [97]

Wei et al., 2024 [98]

Luo et al., 2024 [97]
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4.2 Actions required

Based on the HAZOP analysis, 33 actions required were identified. Although similar ac-
tions occur across the data set, they are presented as separate findings due to variation
of underlying root causes of the associated risks. The actions required can be catego-

rized into seven affected areas:

1) Material and supply chain management

2) Equipment, calibration and maintenance

3) Environmental and condition monitoring

4) Process validation

5) Testing and analytical controls

6) Software, Data management and automation

7) Instructions and training

Table 6 illustrates all recognized actions and their corresponding areas of impact. Addi-
tionally, the frequency of occurrence for each action is presented for evaluating key focus

areas.



Table 6 Affected areas identified through HAZOP-analysis, their actions required and frequency

41

Affected area Action required Frequency
Material and supply chain management Tracking incoming material and inventory 2
Supplier contracts 2
Min-max values for materials 4
Specifications and QC for raw material, CoA, storage conditions 3
Material checking, clear storage areas 2
ID analysis, supply chain controls 2
Equipment, calibration and maintenance Calibration and maintenance procedures 2
Dedicated equipment 1
Validated purification procedures 1
Software updates, troubleshooting procedures 2
Monitoring and alarms 2
Environmental and condition monitoring Alert and operational limits 4
Determined environmental conditions 3
Process validation Validation 11
Change management 1
Revalidation 5

PAT



Table 7 Affected areas identified through HAZOP-analysis, their actions required and frequency. Continued from previous page.
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Testing and analytical controls

Software, data management and automation

Viscosity analysis

Precision and accuracy testing
Biocompatibility testing
Stability testing

Rheological testing

Sterility testing

Drug release studies

Digital editing, smoothing

Software validation

Software updates

Master data, double checking, backups
Automation of procedure

PAT

Instructions and training

Adequate training procedures

Clear working instructions



43

The results of HAZOP analysis show that identified risks and corresponding actions re-
quired are unevenly distributed across process areas. The results indicate variation in
the representation of different unit operations and supporting functions used for inputs to

regulatory coverage assessment.

Based on HAZOP analysis, required actions show that control measurements related to
materials and supply chain management occur repeatedly. Raw material monitoring, in-
ventory level-management consequently determined min-max values, material specifi-
cations, certificates of analysis (CoA), and storage conditions are emphasized. Further-
more, measures related to material identification and supply chain control have been
identified significant risk managing tools. The findings suggest that processing steps re-

lated to raw materials constitute a key risk area in the safety of RNIs.

Control measures related to equipment primarily focus on calibration and maintenance
procedures. In addition, monitoring and alarm systems occur more frequently than vali-
dated purification procedures and dedicated equipment. The frequency of actions re-
quired related to equipment, calibration and maintenance do not represent the most dom-

inant focus area to the regulatory coverage assessment.

Measures related to environmental and condition monitoring as action required appear
with relatively high frequency in the HAZOP analysis, highlighting the definition alert and
action limits and the determination of controlled environmental conditions. Thus, envi-
ronmental conditions are considered as a critical contributor to several deviations caused

by identified risks in multiple processing steps.

The largest and most significant group of the HAZOP analysis is related to process vali-
dation. Validation and revalidation activities clearly dominate throughout manufacturing
process of RNIs, while change management and process analytical technology (PAT)
are mentioned less frequently. The results indicate that isolated process steps are not
as crucial as a root cause to the many identified risks. Instead, they are prominently

associated with overall control of the process and the interfaces between unit operations.

Testing and analytical control measures identified through HAZOP analysis are primarily
associated with precision and accuracy testing in addition to sterility testing that appears
notably more in risk analysis than the other analytical tests. Analysis such as viscosity,
rheological, stability and drug release are identified less often and typically as individual
control measures. This lower frequency suggests that these analytical controls were

identified with fewer identified risks in the HAZOP analysis and were not consistently
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linked to multiple unit operations. However, results show that quality assurance meas-

urements are significant in controlling potential risks.

Measures related to software, data management and automation focus mainly on master
data management, data verification, backups, and digital data processing. Automation
shows prominence by occurring repeatedly in risk control actions. Instead, PAT occurs
less frequently as a risk control tool. Personnel training and clear working instructions

are frequently identified control measures.

Overall, the HAZOP analysis results indicate that most identified risks and control
measures in manufacturing RNIs are related to process validation, material and environ-
mental control, and quality analysis. The process areas therefore represent the primary

inputs for regulatory coverage assessment.

4.3 Guideline availability

Results indicate that various guidelines can be utilized in multiple processing steps. In
the EU, volume 4 can be widely utilized, but it lacks details in personalized production
and additive manufacturing methods. As volume 4 provides the guidelines from the EU,
from this point onward, the content of volume 4 is described as EU GMP guideline. It is
worth noticing that every mention in chapters or annexes from the EU references to vol-
ume 4. In the US, additive manufacturing processes have an explicit guideline covering
two areas: design and manufacturing considerations and device testing considerations.
However, other guidelines can be also utilized in demonstrating compliance. The follow-
ing chapters illustrate affected areas for each processing step and the corresponding
guidelines if existing. In addition to Ch. 7, which covers the outsources activities in the
EU GMP, annexes 8 and 19 are applicable for material management. Instead, in the US,
no explicit guideline exists as the control of components and drug product containers
and closures are explained in detail in cGMP. However, as it does not cover materials
utilized 3D-printing procedures, guideline “Technical considerations for additive manu-

factured medical devices” specifies recommendations for material management.

Table 7 illustrates that material fabrication, post-processing and quality assurance pro-
cedures related to RNI manufacturing can utilize the same guidelines. These process
validations can be produced according to the EU GMP Ch. 5 that describes general re-
quirements related to production. However, more detailed information is included in An-
nex 11 which applies to computerized systems, and Annex 15, covering principles of
qualifications and validation applicable to facilities, processes, equipment and utilities.

However, in the EU, explicit guideline for additive manufacturing is not available nor are
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they described in Ch. 5. Thus, two standards (ISO ASTM 52924, 52915) related to addi-
tive manufacturing were identified which are not limited to medical manufacturing but can
be useful. Instead, in the US a total of 3 guidelines can be applied to process validations.
Nevertheless, 3D-printing is covered on its own guideline which considers segmentation
and digital editing procedures as upstream risk factors that should be accounted for in

process validation.



Table 8 Guideline availability based on affected areas and processing steps.
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Affected area

Processing step

EU GMP Guideline

cGMP Guideline (YES/NO)
(YES/NO)

Suitable guidelines

Material and supply chain man-

agement

Material fabrication

YES NO

EU GMP:

Ch. 7,

Annex 8

Annex 19

cGMP:

covered under

21 CFR part 211 Subpart E
FDA-2016-D-1210

Equipment, calibration and

maintenance

Material fabrication, Post-processing,

Quality assurance

YES NO

EU GMP:
Ch. 3
cGMP:

covered under

21 CFR part 211, Subpart D

3D- printing

YES NO

EU GMP:
Ch.3

cGMP: covered under 21
CFR, additional inspection

guides




Table 9 Guideline availability based on affected areas and processing steps. Continued from previous page.
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Environmental and condition

monitoring

Material fabrication, Post-processing,

Quality assurance

YES

NO

EU GMP:
Ch.3

cGMP:

covered under 21
211.63/211.160

CFR

3D- printing

YES

YES

EU GMP:

Ch.3

cGMP:
FDA-2016-D-1210

Process validation

Segmentation & Digital editing

NO

NO

EU GMP:
Annex 11,
EU MDCG 2025- 6

cGMP:
FDA-2016-D-1210
FDA-2024-D-4488
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Table 10 Guideline availability based on affected areas and processing steps. Continued from previous page.

EU GMP:

Ch.5

Material fabrication, Post-processin
p g YES YES Annex 15
and Quality assurance cGMP:

FDA-1997-D-0029
FDA-2016-D-1210

ISO ASTM 52924, 52915
cGMP:
FDA-1997-D-0029
FDA-2016-D-1210

EU GMP:

Ch.6
Testing and analytical controls Quality assurance YES YES cGMP:

Process validation

3D- printing NO YES

FDA-2024-D-2560
FDA-2016-D-1210




Table 11 Guideline availability based on affected areas and processing steps. Continued from previous page.

EU GMP:

Annex 11 and Annex 22
cGMP:
FDA-1997-D-0029
FDA-2018-D-3984
FDA-2022-D-0795

Segmentation & Digital editing YES YES

EU GMP:

Annex 11

Software, data management and .
. X 3D- printing YES YES cGMP:

automation FDA-2018-D-3984
FDA-2016-D-1210

FDA-2015-D-0198

EU GMP:

Annex 11

cGMP:
FDA-2016-D-1210
FDA-2018-D-3984
FDA-2022-D-0795

Post-processing, Quality assurance YES YES

EU GMP:
Ch. 2
Instructions and training All processing steps YES YES cGMP:

FDA-2015-D-0198
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Both equipment, calibration and maintenance and environmental conditions and moni-
toring areas are described in EU GMP Ch. 3. However, the US does not provide addi-
tional guidelines as these processes are described in CFR 21 for all processing steps
except 3D-printing, in which an additional guideline has been created to support existing

regulations.

Testing and analytical controls mostly occur in quality assurance procedures, even
though many activities can be in-process. Both the EU and the US provide additional
guidelines for these procedures. In the EU additional information is available in Ch. 6

and in the US, FDA provides two guidelines to support the quality assurance processes.

Software, data management and automation are supported with additional guidelines in
both continents. In the EU the main information is provided in Annex 11. Additionally,
upcoming annex 22 provides information related to the utilization of artificial intelligence.
In the US, in total 4 different guidelines can be utilized in varying processing steps to
provide support for process validation, data integrity and semi- or fully automated proce-
dures. However, these guidelines do not explicitly consider segmentation and digital ed-
iting.

Instructions and training are essential parts of producing safe patient specific DDCs and
are relevant across all processing steps. These activities are supported by EU GMP Ch.
2 and applicable US guideline. All in all, the result indicates that there are multiple as-
pects where current guidelines can be utilized. However, there are remaining regulatory

gaps in novel technologies particularly concerning process validation.
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5. DISCUSSION

5.1 Risk drivers in personalized 3D-printed DDCs

The results indicate that the critical risk drivers in RNI manufacturing are associated with
imaging, segmentation, material handling, 3D-printing and post-processing activities.
Across the reviewed studies, risks related to printing tolerance, mechanical properties,
and resolution of the segmentation were repeatedly identified, highlighting their im-

portance for achieving accurate anatomical fit and consistent product performance.

Matin-Mann et al., 2023 [57] and Shculze et al., 2024 [47]identified a potential risk in
converting the 3D anatomical dataset gathered from imaging into the printable anatomi-
cal models. Poor image quality, inadequate resolution and imaging artefacts may in-
crease modelling uncertainty and contribute to downstream deviations such as out of
specification prints. HAZOP analysis further indicates that patient-specific anatomical

variability amplifies these risks.

Segmentation represents a particularly critical control point, as inaccuracies can lead to
anatomical mismatches and compromised implant performance. Inadequate segmenta-
tion resolution may affect the printing tolerance and the mechanical fit of the RNI. To-
gether, imaging and segmentation constitute the digital upstream process in RNI manu-
facturing and are both strongly dependent on software performance. Consequently, soft-
ware-related errors may propagate throughout the subsequent manufacturing process

and affect the printability, material flow and the implant geometry.

In addition to digital upstream processes, material-related factors pose critical risks re-
lated to the safety of RNIs. In the context of RNI manufacturing, the term “material” refers
to the drug-loaded printable biomaterial system forming the structural matrix of the im-
plant and enabling controlled drug release. However, in this context, material handling
encompasses all handling and processing of raw materials, semi-finished products and
finished material throughout manufacturing. According to Luo et al. (2024) [97], bio-
materials intended for clinical use should be clinical grade in order to ensure safety and
product performance. However, it is widely recognized that the range of commercial raw
materials suitable for clinical grade 3D-printing remains limited [103]. The limitation fur-

ther constrains process flexibility and increases the impact of material related risks.

Inaccurate material handling can lead to several deviations during RNI manufacturing

and may affect not only the mechanical properties of the RNI, but also its biocompatibility,
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creating an opportunity for unwanted immune responses through introduction of endo-
toxins. In addition, inadequate practices in material handling may lead to phase separa-
tion in homogeneous mixtures, potentially affecting the release kinetics of the incorpo-
rated drug and printability. Mechanical properties may also deteriorate, resulting in devi-

ations in stability, precision, and accuracy.

3D-printing and post-processing operations represent risks during down-stream pro-
cessing for unintended outcomes. Inadequate printing parameters such as pressure,
temperature, needle size or curing times can cause needle blocks, viscosity changes
and ultimately may lead to printing tolerance limit exceedance. Similarly to digital up-
stream processes, 3D-printing technology is strongly dependent on software perfor-

mance.

Furthermore, inappropriate post-processing may compromise intended material proper-
ties of RNI, leading to biocompatibility and degradation related concerns. These findings
are consistent with the risks identified in literature review, which highlighted the concerns

in 3D-printing and post-processing activities in patient specific production.

The remaining affected areas, including environmental monitoring, equipment and per-
sonnel, did not emerge as major risk drivers in the HAZOP analysis and largely resemble

conventional manufacturing.

Overall, these findings indicate that the most critical risks in personalized RNI manufac-
turing originate from early digital and material-related processes rather than 3D-printing
alone. Based on HAZOP-analysis imaging, segmentation and material handling were
identified as the primary upstream control points, as the deviations originated in these
process steps propagate throughout RNI manufacturing. For optimizing 3D-printing
phase, digital upstream processes and materials should be controlled to minimize po-
tential variations that lead to uncertainties during printing. Deviations related to upstream
control points ultimately compromise implant quality, anatomical fit and product perfor-
mance. These findings emphasize the need to focus risk management and process con-

trol of upstream activities in addition to conventional downstream testing.

5.2 Process level risk controls

The results of HAZOP analysis indicate that the critical risks identified in personalized
RNI manufacturing cannot be adequately mitigated through end-product testing alone.
Instead, effective risk reduction requires systematic process control, validation and con-
tinuous monitoring throughout manufacturing. Consequently, robust mitigation strategies

are needed to ensure product quality and patient safety.
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Based on the results, process validation is essential for achieving safe and effective
RNIs. With process validation the precise operation of software, manufacturing equip-
ment, material quality and traceability can be ensured. However, process validation
alone is not sufficient to eliminate all identified risks, indicating the need for additional

risk control measures.

HAZOP analysis indicates that various testing and analytical controls are necessary for
mitigating potential risks. By these measures, crucial data can be gathered about the
product and production accuracy. For RNIs, these studies provide information about the
composition, structure, mechanical properties, purity and success of imitating intended
shape and size, all crucial for optimum efficacy of the product. In addition, drug release
studies indicate whether proper amount of the drug is released in a controlled manner to

the inner ear.

In addition to process validation, in early-stage production, it is necessary to check the
availability and identify proper raw materials, their mixing ratios as well as accurate pro-
cessing environments and equipment to minimize cross contamination, functionality er-
rors and unintended reaction by-products. The manufacturer is responsible for having a
thorough understanding of the raw materials. In RNI manufacturing, where GMP-compli-
ant materials are limited, it is practical to assume that no prior knowledge of the material
exists until it has been formally identified through internal company procedures. Both Luo
et al. [97] and Wei et al. [98] emphasize the importance of precise formulation control.
These factors ensure intended formulation in the product which further mitigates risks

related to degradation, rapid drug release and toxic immune response.

Based on HAZOP the frequency of material and supply chain management were as-
sessed in relation to the identified risks. In this research, supply chain management re-
fers to the qualification, availability and traceability of raw materials and suppliers
throughout RNI manufacturing. Robust material and supply chain management are

therefore essential for ensuring material integrity, availability and traceability.

Consequently, certificates of analysis, material specifications, quality control testing, and
supplier contracts play a critical role in material integrity, which further emphasizes the
importance of inventory monitoring and structured design of the area to meet manufac-
turing needs. In addition, the minimum and maximum inventory levels should be as-
sessed as these values support controlled material flow, ensure material availability un-

der limited supply conditions, and reduce the risks of stockouts or excessive inventory.
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From safety perspective, these limits contribute to the material traceability and segrega-
tion. In combination, these measures are essential to prevent the risk of raw-material

mix-ups and errors.

As the HAZOP analysis shows, deviation might be caused by certain processing steps,
but also the interaction between processing steps can lead to deviation. Therefore, pro-
cess analytical tool (PAT) is justified in being added into production. PAT could be utilized
in multiple processing steps such as imaging and segmentation, 3D-printing and poten-
tially in post-processing activities. PAT enables continuous process verification for en-
suring that the phases of drug and device parts do not interact unproperly, faster optimi-
zation and identify potential errors while printing [104,105]. However, there is still a lim-
ited amount of PAT and studies regarding continuous process verification for pharma-

ceuticals.

Another relevant risk mitigation area based on HAZOP analysis is software, data man-
agement and automation. By utilizing automation in processes, human errors can be
minimized. However, this highlights the need for data management as the traceability of
the manufacturing process must be ensured. As the manufacturing of RNIs utilizes au-
tomation in multiple processing steps such as printing phase and segmentation, the im-
pact of the used software undoubtedly impacts to the performance of the product. There-
fore, software must be validated, kept up to date and have clear and systematic data
management procedures. Controlled manners in software applications show insights into
successful development of RNIs as they manipulate the shape, size and structure of the

overall product.

Overall, the HAZOP analysis demonstrates that risks in patient-specific RNI manufactur-
ing are predominantly driven by early digital processing and material-related processing
steps, emphasizing the need of systematic, process-wide risk mitigation strategies rather
than isolated control measures. Thus, RNI manufacturing requires a combination of val-
idation, PAT, software control and robust material management throughout manufactur-

ing process.

5.3 Availability of regulatory support for identified risks

In general, results indicate that there is a solid availability of existing guidelines in both
jurisdictions as there are 10 GMP guidelines originating in the EU and 8 GMP guidelines
originating in the US. The approaches between jurisdictions to GMP guidelines differ, as
the EU focuses on broader and principle-based guidelines and the US guidelines provide

more detailed methodological recommendations. The EU approach enables applicability
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across the manufacturing process of RNIs, but its principle-based nature may make im-
plementation more time-consuming. Consequently, risk mitigation measures must be de-
signed and justified based on scientific reasoning and process-specific considerations.
To interpret and adapt the EU approach to the specific production methods, draft guide-
lines can be utilized and found considering for example documentation, computerized
systems and artificial intelligence [106]. The US approach provides additional information
particularly for combination products, 3D-printing, and software assurance [107,108], but
do not mandate the implementation of specific process. However, the applicability of the
guidelines does not outline the responsibilities of the manufacturer that the chosen con-

trols are scientifically prepared and efficient in mitigating risks.

Regarding individual affected areas, material and supply chain management is largely
covered by both frameworks either in guidelines in the EU or in the GMP requirements
in US, ensuring traceability, documentation throughout digital or practical process and
supplier qualification. Equipment, calibration and maintenance are explicitly covered by
US cGMP requirements and specified in inspection guides [109], and through principle-
based EU GMP provisions. These frameworks mandate documented programs for
equipment control, calibration schedule and maintenance ensuring reliability and con-
sistency in manufacturing operations which are crucial for RNI products. Environmental
and conditional monitoring is addressed as part of production and process controls in
both frameworks. Process validation, testing and analytical controls are emphasized as
both jurisdictions offer guidelines for process validation, analytical methods and product
testing. However, EU guidelines typically require adaptation for specific product types,
while the US provides more methodological recommendations. The difference between
jurisdictions is highlighted in 3D-printing procedures, where deviations from mass pro-
duction are obvious. However, the EU has ISO standards for additive manufacturing pro-
cedures which are widely utilized in multiple sectors. Even though these standards aren’t
specifically applicable for combination products, they might give essential insight into
implementation of 3D-printing process validation. Printability studies utilized in system-
atic literature review illustrate applicable approaches under GMP, if methods are vali-
dated properly. Software, data management and automation receive moderate regula-
tory support. However, the results indicate that additional regulatory support is under
development. This highlights the criticality of the affected area. For RNI, traceability, val-
idated software and data integrity is highlighted as it has straight impact for patient safety
and efficacy of the product in treating inner ear disorders. Instructions and training are
outlined in both jurisdictions, yet site-specific interpretation is necessary for ensuring ef-

ficiency in manufacturing.
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Overall, the analysis indicates that while there is regulatory support for manufacturing
RNIs, there are remaining lacks in software-driven operations, 3D-printing and imaging
requiring additional interpretation and risk management measures to ensure compliance,
patient safety and product quality. The observations of both jurisdictions underscore the
importance of proactive, scientifically justified risk mitigation strategies, while also high-
lighting the areas where future regulatory developments may provide enhanced support

in processing step level.

5.4 Implications for 3D-printing and personalized production

A specialized characteristic of 3D-printing process is its availability to include multiple
subprocesses within the same time. These subprocesses include material extrusion,
layer-by-layer structure formation and crosslinking or solidification. In addition, demand
for individual physiological structures has an impact on printing parameters, which act
as critical control points (CCPs). These special features challenge traditional GMP con-
cepts such as batch definition and fixed process limits. Batch is determined as the quan-
tity of starting material, packaging material or product processed by single or multiple
processes for a homogeneous product within specific limits. In continuous production,
the batch size can be defined either by a fixed quantity or by the produced amount within

a fixed time interval [110].

As personalized 3D-printing introduces simultaneous and tightly coupled subprocesses,
risk management should focus on comprehensive process understanding, identification
and control of CCPs, and continuous monitoring rather than end-product specifications.
These aspects shift the manufacturing controls from predefined limits and uniform
batches toward ongoing evaluation of process performance and variability, ultimately
leading to increased patient safety. These aspects also align with science-based deci-
sion-making, risk-based GMP implementation and quality-by-design principles in ad-

vanced manufacturing.

Validation strategies should account for variability in individual products and digital de-
sign-to-manufacturing workflows. The focus of the validation should underline critical
processes rather than identical end products such as quality assurance of digital models
and imaging data. Multiple validation approaches such as dimensional comparison, im-

aging-based assessment and continuous printing studies are acceptable under GMP.

Regulatory frameworks for 3D-printed personalized combination products are evolving
but currently rely on flexible GMP interpretation. Personalized 3D-printing highlights the

need for harmonized regulatory approaches and clarified guidance for small-batch and
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personalized products. The EU has recognized the complexity of the current regulatory
framework and its side effects on pharmaceutical development. The EU regulatory envi-
ronment is actively evolving to better support innovation and personalized products
[111,112].

Currently, the role of US guidelines in supporting emerging technologies provides struc-
tured methodologies, examples of acceptable regulatory approaches, and support for
additive manufacturing and combination products. However, US guidelines do not man-
date a single implementation model. Thus, manufacturers retain responsibility for selec-
tion of appropriate tools, scientific justification for chosen approaches and demonstrate

effective risk mitigation strategies.

When considering RNI manufacturing process description, these findings indicate that
critical control points originated before actual 3D-printing. Imaging, segmentation and
material preparation determines the subsequent printability, geometry and drug release
behavior of the implant. Consequently, deviations originating in upstream processes may
propagate throughout the remaining manufacturing processes and compromise implant
performance. Thus, the presented case illustrates how personalized 3D-printed RNIs
transfer the focus of GMP toward control of digital workflows, material handling and soft-

ware driven manufacturing.

5.5 Study limitations and future prospects

The development of personalized drug-device implants for inner ear disorders is pro-
gressing rapidly. However, at the time of this study, most of the previous research fo-
cused on imaging, surgical challenges, and visualization [24,36,113]. In addition, a few
preclinical studies using drug delivery systems implanted in RWM, including DEX have
been produced [99]. The small number of manufacturing focused publications identified
through the literature review emphasizes the emerging nature of patient specific solu-
tions manufactured with 3D-printing technology and partially explains the observed reg-
ulatory gaps. Micro-injection molding appeared to be a popular fabrication method for
RNIs, which limited the availability of 3D-printing studies of such implants [114,115]. In
this study, risk analysis was primarily supported by literature addressing general quality

and safety.

Similarly, the regulatory coverage assessment was limited by the availability and speci-
ficity of existing guidelines at the time of the study. While it provided insights into cover-

age of critical processes, emerging technologies and personalized production are not
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fully addressed, emphasizing the need for future updates as regulations evolve. In addi-
tion, the study mainly focuses on GMP requirements. This scope excludes the require-
ments related to MDR, which is crucial in commercializing combination products in Eu-

rope. Therefore, potential regulatory overlaps remain unaddressed.

While HAZOP provides a structured and systematic framework for identifying risks in
production, it has limitations in capturing simultaneous or interacting process variations
that may contribute to unforeseen errors, as illustrated in Figure 8. Material flow increase-
ment can originate either in 3D-printing, where printing parameters affect the material or
in personalization where design intend is modified to match patient needs. Furthermore,
the interaction between modifications and printing parameters might be the actual cause
of the deviation which remains unseen in HAZOP analysis as it focuses on individual
process steps. This highlights the need for complementary risk analysis methods, par-

ticularly given the limitations in available literature and regulatory guidelines at the time

of the study.
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Figure 8 lllustration of limitations of HAZOP-analysis for simultaneous processes. The
red color represents the interaction between risks identified for personalization and 3D-
printing.
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While this study yields results, several issues remain to be clarified. Especially, further
analysis on the effects of upcoming changes in the EU regulatory framework could out-
line new aspects to the comparison, as it creates an opportunity to clarify the pathway of
commercializing drug-devices. Additionally, it may provide new approaches to the novel
manufacturing technologies, personalization and quality assurance activities. Future re-
search should also consider MDR requirements, as well as other regulatory reforms in
the EU, including software, cybersecurity, and customized products for rare conditions,
since traceability and data integrity are critical for the quality, safety and performance of
medicinal products. Finally, the aspects considering GMP requirements excluded from
the study could be addressed in different manufacturing facilities, including hospitals and

pharmacies.

These findings support the relevance of the present findings, while highlighting the need
for future research to examine regulatory development accommodate emerging technol-
ogies such as 3D-printing and complex innovations like DDCs and their possibilities for

functional changes.
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6. CONCLUSIONS

The study demonstrated that current GMP requirements and regulatory guidelines can
be partially applied to personalized DDC manufacturing both in the EU and US. However,
the EU provides more general and flexible GMP framework than US which focuses on
technology-specific and methodological guidelines for novel manufacturing technologies
and combination products. Therefore, most processing steps can be supported by the
EU GMP or additional guidelines, but the responsibility for interpretation remains for
manufacturers. The structure of the US regulatory framework affects the results as the
GMP is integrated into 21 CFR. However, the FDA guidelines offer detailed description
for 3D-printing technology, while in the EU general ISO standards may be helpful but not
identified as applicable for medical manufacturing. Furthermore, both jurisdictions seem
to need clarification in digital workflows, patient-specific manufacturing and variable

batch definitions.

The case study with RNIs identified that early-stage upstream processes might propa-
gate throughout the implant manufacturing process. HAZOP analysis was utilized to
identify the origin of potential deviations throughout the RNI manufacturing process. With
HAZOP analysis, identification of critical subprocesses was achieved. Results showed
that imaging, segmentation and material preparation were identified as critical control
points as they straightly impact to the 3D-printing process. However, HAZOP analysis
does not cover deviations from interactions between simultaneous subprocesses. The
findings suggest that personalized 3D-printing requires continuous process monitoring

and validation strategies that account for process variability.

Currently, commercialization is possible within the regulatory frameworks, but it requires
scientific justification and risk-based interpretation. However, the current guidelines do
not yet fully address patient-specific manufacturing, digital design workflows and additive
manufacturing technologies. These findings emphasize the need for continued regula-
tory development to better accommodate existing emerging technologies, personaliza-
tion and complex combination products. Future research should further explore evolving
regulatory requirements, as well as advanced risk management and validation strategies
to support the safe adoption of personalized manufacturing and combination product

production.
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Identified risk

do not meet the
criteria

NO. " Source Unit process Guide word Element Deviation Possible causes Consequences Actions required
from literature
The result of
segmentation Shculze et al., 2024, Matin- " . . . Resolution of the picture is too low, digital editing - - .
1 deviates from Mann et al., 2023 Segmenation No/not Imaging data Imaging data do not mimic the anatomical structure error, data transfer error Intended shape unachieved Digital editing, smoothing
original structure
The print-STL
2 deviates from the Shculze et al., 2024 Digital editing No/not Imaging data Imaging data do not mimic the anatomical structure Resolution of the picture is too low. digital editing Intended shape unachieved Version control
result of error error, data transfer error
segmentation
Supply chain problems, Error in stock, Receiving Traclz;g&r:;c{]:lr:z;n:{:::;:;ds|fno\;e"r:;;yr=as|:ppher
3 No/not PEGDA No PEGDA errors, Errors in weighning or material transfer, Intended properties unachieved . N L . Lo
) environmental monitoring, clear instructions and
Storage environment, human errors L )
adequate training, automation
Supply chain problems, Error in stock, Receiving Tracking |ncom|ng material and |nventoryI supplier
. - N " contracts, min-max values for materials,
4 No/not Dexamethasone No Dexamethasone errors, Errors in weighning or material transfer, Intended properties unachieved . L . N
) environmental monitoring, clear instructions and
storage environment, human errors L .
adequate training, automation
The intented " The used amount of polymer/drug is higher than  |Error in material flow, Operator error, Combounding T°9 tense dvevlce for opFlmaI drug . Mln-r.nax values for m.a!en.als, fimit vavlues for
5 amount of drug  |Wei et al., 2024 More Raw materials intended error delivery or implementation, rapid dispensing systems, calibration and maintenance
doesn't meet target curing, drug overdose procedures for equipments, in-process control
The intented : : : Unintended material Pmpemes' Min-max values for materials, limit values for
. The used amount of polymer/drug is lower than Error in material transfer, Operator error, uncontrolled drug delivery, drug " . - N
6 amount of drug  |Wei et al., 2024 Less Raw materials . . h dispensing systems, calibration and maintenance
.\ intended Combounding error molecule eluates into inner ear too . .
doesn't meet target ) ™ procedures for equipments, in-process control
quickly , usability challenges
The properties of y . "
utilized biomaterials P F Purity or decomposition Bmmagenal/DTUQ do ng( ha‘\(e mtgnded pr:?pgn|es by Contamination, unintended mechanical properties, | Unstable material, printing failure, Specifications and QC for raw material, CoA,
7 Luo et al., 2024 rocessing o As well as purity, flexibility, printability, biocompatibility or one e ‘ ‘ "
do not meet the raw material product Y ) printing error irritation, inflammation determinated environmental conditions for storage
criteria aw materials biodegradability
The ratio of used " -
. Wei et al., 2024 " . Part of the PEGDA polymerates or degrades or DEX . . Unsuccesful printing, intended . -
8 raw materials affects Part of Polymeration/Degration Environmental changes, light exposure . | . Environmental monitoring and alarms
) " Luo et al., 2024 degrades properties aren't achieved
to the printability
The properties of
9 utilized biomaterials Luo et al., 2024 Reverse Photoiniator Wrong photoiniator used in curing PEGDA Operator error, misslabeling, unclear instructions Curing do Qot happen or the Checking of chemicals, internal mstruct_lons and
do not meet the and storage controls properties are wrong clear storage area for each chemical
criteria
The properties of
utilized biomaterials " s " . ’ . - Inflammation, discomfort, " T "
10 Luo et al., 2024 No Biocombatibility Material isn't biocombatible Unidentified raw material , Contamination . Biocompatibility studies
do not meet the implant removal
criteria
The properties of
11 utilized biomaterials Luo et al., 2024 Other than Material replace PEGDA/DEX is replaced with other polymer or drug Supply chain error, misslabeling The properties of the products are ID analysis, Supply chain control

changed, risks for patient safety




PPENDI

A: HAZOP-ANALYSIS FOR MANUFACTURING RO

ND WINDOW NICHE IMPLANTS

74

Prints do not meet

Wei et al., 2024

Unfinished chemical reactions,

12 intended mechanical Luoetal. 2024 Part of Mixing The mixing of materials is too strong/weak Human error, too fast rpm, too low rpm polymeration failure, unintended Validation, viscosity analysis
properties N printing outcome
Residual solvents Mbing Unfinished chemical reactions,
13 are remaining in the |Plontke et al., 2022 Reverse Compounding Materials are mixed in wrong order Human error polymeration failure, unintended Automation, training, working instructions
implants printing outcome
14 Part of Dissolving Some of the reagents do not dissolve as intended Uneven mixing Homogenization failure Validation, viscosity analysis
The viscosity of the Unintended material properties,
15 material affects to |Luo et al., 2024 Part of Material flow Material doesn't hold the shape, no print, dry print Low viscosity, temperature 'nflammal'or? P ’ Environmental monitoring and alarms
the printability ! on,
The viscosity of the . " . . " Failure of mimicking RWN, - . "
16 material affects to |Luo et al., 2024 Other than Dicom data The n\echanlpal properties of th? |lmp|ant in addition Low resolution unsuccesful drug-delivery since the Software validation, preqsmn testing, accuracy
T to size and shape aren't intended . d testing
the printability implant do not fit
The viscosity of the - . - .
17 material affects to |Luo et al., 2024 No Material transfer No flow of material to the printing platform Printing parameters , Malenfdl f:he?nges, Needie Loss of material Va!ldatlon, Chan.g(.e managements, dedicated
- Blocks, Pressure limitations equipments, precision testing, accuracy testing
the printability
3D-Printing - . -
There is other printing material incorporated with . .Unlntend.e d matgrlal propetes, Validated purification and maintenance procedures
18 As well as Material transfer L X - Unadequate cleaning, human error inflammation, rapid drug release, . . .
printing process causing cross contamination X for equipments, in-process controls, QA analysis
unintended by-products
RNI'samples do not |Wei et al., 2024, . . ) . Software updates, maintenance and
. . . . Software error, device error, material error, human | Unintented shape/ fit of the implant . -
19 meet printing  |Shculze et al., 2024 Less Accuracy Printed geometry deviates from required tolerances. . Co . troubleshooting procedures,adequate training,
error Unintented functionality of the implant o
tolerance Luo et al., 2024 process validation
RNI sample:s ‘do not Wei et al., 2024, . The masses of the prints deviates from each other | Software error, device error, material error, human | Unintented shape/ fit of the implant Soﬂwar.e updates, maintenance and. )
20 meet printing No Precision 8 X N . troubleshooting procedures,adequate training,
Shculze et al., 2024 rapidly. error Unintented functionality of the implant -
tolerance process validation
The print fails with Unintended material rti k
© prin al..s W . . . . Material error, human error, unintended period of ninten ,e material propertis, wea Limits and alarms, adequate training and
21 surface stability and|Luo et al., 2024 More Curing The material does not set during curing ) efficacy of drug molecule, X .
curing A . instructions, PAT
swells personalization failure
22 RNI‘sampIes‘arent Wei et al., 2024 Part of Sterilization Gas concentration too high/low Condition failure, human error Porosllt‘y o.f the material ‘?haﬁges' Limits and alar!‘ns, ade:quate training and
biocompatible stability issues contamination, instructions
' Loss of material
RNIsamples aren't | . - ) ! . - - - " "
23 . " Wei et al., 2024 No Sterilization Conveyor speed too low/high Operator error, Machine failure, Contamination Validation, Revalidation,sterility testing
biocompatible . .
Risk of inflammation
§ Loss of material
RNI samples aren't . - . . . . X —_ . - - - "
24 biocompatible Wei et al., 2024 No Sterilization Package size too big/small, bulk density too high/low Human error, material availability Contamination Validation, Revalidation,sterility testing
p Risk of inflammation
. Post-processing - - - " N
2% RNI samples aren't |, bt o1 2004 No Sterilization Hunidity too lowfhigh Unefficient monitoring, validation, operator error, | Cherical changes, fysical changes, | -\, -vion Revaidationsterilty testing , fmits
biocompatible machine failure, human error unoptiman sterilization
26 RNI.sampIes.arent Wei et al., 2024 No Sterilization Temperature too low/high Unefficient monltonng, validation, operator error, | Chemical chfsmges, fy.s!cal.changes, Validation, Revalidation,sterility testing , limits
biocompatible machine failure, human error unoptiman sterilization
27 RNIlsampIes.arent Wei et al., 2024 No Sterilization Dose measurement too high/low Unefficient "‘°’T“°”"9' validation, operator error, | Chermical chgnges, fy§!callchanges, Validation, Revalidation,sterility testing , limits
biocompatible machine failure, human error unoptiman sterilization
28 RNI.sampIes.arent Wei et al., 2024 Less Sterilization Exposure time Unoptimal porosﬂylvo!ume of device, process I?rug ovgrdose, to?(lcny., o Drug release studies
biocompatible failure contamination, inflammation, irritation
Limited dimensional - . . - . . . Rapid drug release, loss of - . "
29 Luo et al., 2024 Less Stability Unintended degrease of the device part Hydroscopicity, water intake, mechanical wearing Stability testing, rheology testing

stability

mechanical properties, material failure
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