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ARTICLE INFO ABSTRACT
Keywords: Nanoparticles can be divided into several different classes. Within these classes, iron oxide-based nanoparticles
Good manufacturing practice (GMP) exhibiting superparamagnetic properties occupy a special place because, in contrast to a majority of organic
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nanoparticles, they are magnetically accumulable and can be visualized in magnetic resonance imaging (MRI).

In the course of extensive research over several years, the Section for Experimental Oncology and Nano-
medicine (SEON) at the University Hospital of Erlangen has developed and fabricated superparamagnetic iron-
oxide nanoparticles (SPION) termed SEONP®30, Thege particles consist of an iron oxide core of magnetite that
over time partially oxidizes to maghemite, and an outer layer of cross-linked polysaccharide molecules (dextran).
These SPIONs are intended to be employed in a clinical trial with the aim of providing evidence that they are
superior to currently obtainable iron oxide nanoparticle medicinal products approved as MRI contrast media for
liver imaging in terms of application safety, long-term tolerance and imaging quality.

In order for a clinical trial center to be able to resort to SEONP®**° as an Investigational Medicinal Product
(IMP) for human use, the particles must be manufactured according to Good Manufacturing Practice (GMP)
guidelines. GMP-compliant development and production of nanomedicines requires in-depth knowledge of
regulatory requirements and product-specific process technology as well as the availability of trained specialist
staff, built-to-order manufacturing equipment and officially approved production areas.

In the event that academic and clinical institutions lack the required financial, organisational and human
resources to establish their own pharmaceutical production environment, it would seem reasonable to resort to
specialised pharmaceutical companies that are able and willing to offer adequate procurement, manufacturing,
quality control, certification and distribution services.

Beyond the use of superparamagnetic nanoparticles as MRI contrast medium, further areas of application are
being explored by SEON. In addition to dextran, other biocompatible and toxicologically safe materials such as
proteins, lipids and polymers may also be used as coating agents. Functionalisation is achieved by attachment of
active pharmaceutical ingredients (APIs) to the coated particle surface via chemical bonding techniques,
resulting in the formation of API-loaded nanoparticles for magnetically-based accumulation, controlled drug
release, targeted cancer therapies and several other application fields.

The requirements on quality of starting materials, technology, production processes and quality inspections for
finished SEONP®*0 IMPs as described in this report may be seen as representative for other iron oxide-based
nanoparticle medicinal products for human use to be developed and manufactured in the future.

This article is intended as a process-oriented technical report illustrating GMP-compliant nanoparticle
manufacturing using a representative case study, rather than as a comprehensive comparative review of nano-
particle platforms.

This article is part of a special issue entitled: Nanomedicine published in Biochemical and Biophysical Research Communications.
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1. Introduction

There is little doubt that nanotechnology can already be counted
among the key technologies of the 21st century, as it resembles a typical
cross-sectional technology that is fundamentally changing a large
number of technology fields and demonstrates enormous potential for
scientific innovation and economic growth [1].

Nanomedicine comprises the use of nanotechnology in medicine to
develop and produce innovative medicinal products, diagnostic pro-
cedures and medical devices [2-4]. But how is the term "nanomedicine"
legally defined? Interestingly enough, there is no harmonised European
definition for this term up to date [2]. Even outside the European Union
(EU) a uniform definition is missing [5]. However, if asked, experts
would arguably point out a key characteristic of nanomedicine, namely
that it makes use of materials in the size range from 1 nm (nm) to 100 nm
[6]. In order to avoid nanomaterials exhibiting diameters smaller than
1 nm or lengths exceeding 100 nm (e.g., single wall carbon nanotubes,
fullerenes, graphene flakes) to be excluded from the class of nano-
medicines, the European Commission has issued an updated recom-
mendation on a feasible definition of nanomaterials, including
exemptions from the size rule [7,8].

Recognising that the term nanomedicine has not yet been harmon-
ised at European level, the Federal Institute for Drugs and Medical De-
vices (BfArM), serving as the competent German regulatory authority
accountable for evaluating and approving APIs and medicinal products,
has committed itself to the following definition: Nanomedicine is the
application of mostly synthetically produced substances and structures
which, due to their size (<100 nm), have new specific properties and
which are intended for medical purposes such as diagnosis and treat-
ment of diseases in the sense of the European legislation for medicinal
products and medical devices [2].

While a still manageable number of nanotechnology-based medicinal
products were on the European market in 2013 (e.g., Abraxane®,
Doxil®, Rapamune®) [9], the quantity of approved nanomedicines has
risen enormously since then. Beyond that, a remarkable increase in the
complexity of the galenic composition of newly licensed nano-
pharmaceuticals is observable [8].

2. Characteristics of nanotechnology-based medicinal products

Compared to conventionally formulated drugs (e.g., capsules, tab-
lets, liquids), nanomedicine products can offer specific advantages, such
as minimising potentially toxic side effects due to a significantly reduced
amount of API required for sufficient absorbance and high therapeutic
efficacy. Nanotechnology-based medicinal products accelerate and
generally improve the uptake of the drug and/or enrichment of APIs in
target tissues and organs, thus achieving excellent bioavailability and
allowing for precisely controlled drug release [8,10,11]. Notably,
application of nanomedicines can even prove to be more cost-effective
than administration of conventionally designed drugs [12].

Perhaps still best known for fabrication of nanopharmaceuticals are
polymer-based nanomaterials (e.g., liposomes) as being widely accepted
in science and industry due to their high biological safety, good biode-
gradability, numerous modification options and low-cost production
[13,14]. Commonly utilised starting materials for manufacture of
polymeric nanomedicines are, inter alia, chitosan (a deacetylated
product of chitin), polylactic acid (PLA), polyacrylonitrile (PAN), poly-
hydroxyalkanoates (PHA) and poly(lactic—co-glycolic acid) (PLGA) [13,
15].

However, it should not go unmentioned that novel drug and dosage
forms can also entail new risks. This statement applies to
nanotechnology-based medicinal products as well [16]. Potential risks
arise from the fact that the chemical, physical and biological properties
of nanomaterials are considerably different from those of microscale
structures due to a significantly enhanced surface-to-volume ratio [17,
18] and occurrence of nano-specific quantum effects [19]. Owing to
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these changes in product characteristics, unforeseen pharmacological
effects may occur, at times posing health hazards. As an example,
nanomedicine products can adversely interact with blood constituents
and/or organs, tissues and cells [17,18,20,21]. Consequently, pharma-
ceutical development must always be accompanied by pharmacological
and toxicological investigations well before initiation of clinical trials in
humans [8,22].

Additionally, ecotoxicological and environmental hazard issues are
becoming increasingly important, in particular from a political
perspective [15,23,24]. As one of the implications of the impending
reform of the EU pharmaceutical legislation, a risk-based approach for
preparation of environmental risk assessments (ERA) by drug manu-
facturers will become mandatory [25].

3. Development considerations for iron oxide-based magnetic
nanoparticles

The manufacturing process described in this study is intended as a
focused case example illustrating the implementation of GMP-compliant
batch production for dextran-coated iron oxide nanoparticles. The scope
of this work is therefore deliberately limited to a single nanoparticle
class and coating system, selected based on its established pharmaceu-
tical relevance and compatibility with aqueous, scalable manufacturing
processes. The presented process reflects one feasible and validated
approach for translating iron oxide nanoparticle synthesis into a GMP-
regulated manufacturing environment.

Consequently, conclusions drawn from this work should be inter-
preted within the context of the specific material system, process design,
and quality framework described herein. While certain principles dis-
cussed may be transferable to other nanoparticle platforms, additional
material-specific development and validation would be required.

3.1. Material basics

In addition to synthetic polymer-based preparations, another class of
nanomedicines is gaining increasing scientific attention and medical
relevance. These products can be characterised as iron oxide-based
nanoparticles exhibiting superparamagnetic properties as long as the
particle size is sufficiently small, that is between 10 nm and 150 nm in
diameter depending on the exact chemical composition of the material
[26]. Beyond their functional properties, iron oxide-based nanoparticles
pose specific manufacturing and regulatory challenges related to ma-
terial consistency, surface chemistry, and long-term stability, which
makes them a relevant case study for GMP-oriented process
development.

Superparamagnetism refers to the magnetic property of very small
particles of ferrimagnetic or ferromagnetic origin not being able to
retain permanent magnetisation even at temperatures below the Curie
temperature if a previously applied magnetic field is switched off.

If a ferrimagnetic material is to be chosen as the core compound for
nanoparticle fabrication, usually magnetite or maghemite come into
consideration. Both compounds belong to the class of oxygen-bearing
minerals, materialising in form of a cubic crystal system with very
high symmetry and strong ionic bonding, thus making them hard, dense
and refractory. Magnetite and maghemite occur naturally, but in the
laboratory environment these materials are artificially synthesised.

Magnetite consists of a mixture of iron(II) and iron(IIl) oxide
featuring the chemical composition Fe?*Fe3t04, or simply Fe3O4
(triiron tetraoxide). Maghemite, on the other hand, consists exclusively
of iron(Ill) oxide and exhibits the chemical composition y-FesOs.
Maghemite is the ultimate low-temperature oxidation or weathering
product of magnetite. Differences in iron oxidation states influence
redox stability and surface reactivity, which must be considered during
synthesis control and quality assessment in a GMP context.

Nanoparticles synthesised by the SEON division [27] are based on
iron(IL, IIT) oxide (magnetite). Fe304 oxidizes to y-Fe3O3 upon prolonged
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storage, invariably depending on the storage temperatures [28].
Oxidation of the surface of magnetite nanoparticles is evident, inter alia,
in a macroscopic change in the color of the colloidal solution, but
without this chemical reaction adversely affecting the functional us-
ability of the product [28]. This oxidation behavior is taken into account
within the established quality control strategy and does not compromise
predefined critical quality attributes relevant for the intended use.

3.2. Nanoparticle formation

Fabrication of SEONP®™3® particles is accomplished by co-
precipitation of iron(II) and iron(II) salts in the presence of dextran
40 under inert gas atmosphere and subsequent crosslinking of the
dextran molecule layer [28]. Co-precipitation was selected as a robust
and scalable synthesis route that allows controlled nucleation and
growth of the iron oxide core under aqueous conditions, while the inert
atmosphere limits uncontrolled oxidation during particle formation.
Subsequent crosslinking of the dextran coating is employed to enhance
shell stability during downstream processing steps such as purification,
sterile filtration, and storage. Dextran 40 is a mixture of polysaccharides,
mainly of the alpha-1,6-glucan type with an average relative molecular
mass of 40.000 Da [29]. The underlying principles of iron oxide nano-
particle synthesis by co-precipitation and polysaccharide coating have
been extensively described in the literature over the past decades [30,
31].

From a physicochemical and pharmaceutical manufacturing
perspective, dextran represents a particularly suitable coating material
for iron oxide-based nanoparticles. Dextran is a hydrophilic, neutrally
charged polysaccharide that provides effective steric stabilisation of the
iron oxide core, thereby reducing particle-particle interactions and ag-
gregation in aqueous environments. In the context of GMP-compliant
manufacture, the physicochemical properties of dextran are advanta-
geous, as they support robust and reproducible processing under
aqueous conditions without the need for organic solvents or complex
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reaction chemistries. Furthermore, dextran is available in defined mo-
lecular weight grades and pharmaceutical quality, facilitating raw ma-
terial qualification and batch-to-batch consistency. The chemical
simplicity and well-characterised behaviour of dextran-coated systems
therefore contribute to process robustness, quality control and regula-
tory acceptability during scale-up and clinical translation.

3.3. Particle properties

In preliminary laboratory experiments, blending of iron salts and
polysaccharides led to the formation of colloidally stable and biocom-
patible particles with an individual core size of approx. 4 nm, a hydro-
dynamic diameter of approx. 80 nm and a zeta potential of approx.
—3mV [30]. In further attempts it was possible to reproducibly decrease
the mean hydrodynamic diameter to as small as 30 nm by targeted
modification of key reaction parameters [28]. The translation of
nanoparticle-based formulations from laboratory to GMP manufacture is
governed by the interdependency of process conditions, critical quality
attributes and regulatory requirements. Fig. 1 illustrates this relation-
ship and highlights the need for an integrated development strategy.

For GMP-compliant manufacture, the hydrodynamic diameter of the
dextran-coated particles is consistently adjusted to a range from 20 to
40 nm (mean value 30 nm; hence SEONPex30y, Furthermore, the poly-
dispersity index (PDI; measure of broadness of molecular weight dis-
tribution), the magnetic susceptibility (measure of how much a material
will become magnetised in an applied magnetic field) and the purity of
the ferrofluid (absence of microorganisms, impurities, foreign particu-
late matter and residual solvents) must be within prespecified ranges.
These parameters were defined as critical quality attributes because they
directly influence product reproducibility, suitability for sterile admin-
istration, and biological performance, and can be consistently monitored
and controlled within a regulated manufacturing setting. The properties
of the particles in terms of stability, biological inertness and toxicolog-
ical safety, as well as circulation time in the bloodstream are being
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Fig. 1. Schematic illustration of the interdependency between manufacturing process parameters, critical quality attributes (CQAs) and regulatory requirements

during the GMP translation of nanomedicines.
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explored in animal experiments. To give an example, one of the devel-
opment aims is to assure that SEONPEX30 preparations for MRI-based
liver imaging remain in the vascular system for as long as possible
while examination of the patient, thus eliminating the need for repeated
dosing to avoid any undesirable drug accumulation.

By encasing the iron oxide cores with a dense layer of crosslinked
polysaccharide molecules, adverse events in form of complement
activation-related pseudoallergy (CARPA) [32] are significantly mini-
mised which ensures that injection of the SEONP®*3? particles into the
bloodstream of laboratory animals does not pose an elevated health risk
[28,30,33]. Furthermore, experiments have demonstrated that SEON-
DEX30 particles generally exhibit extremely low in vivo toxicity (among
other reasons due to a low degree of absorbance by cells) and a superior
colloidal stability which is highly important if administered to complex
fluids such as blood [28,30,33].

Instead of dextran, iron oxide-based particles may also be encased
with other coating materials in order to exhibit specific properties and
requested functionalities [34]. Other particle variants include, for
example, lauric acid-coated nanoparticles [31], lauric acid- and bovine
serum albumin (BSA)-coated particles [35], lauric acid- and human
serum albumin (HSA)-coated particles [36] and poly(acrylic
acid-co-maleic acid) (PAM)-coated nanoparticles [37]. While
PEG-coated iron oxide nanoparticles represent an important and
well-established class of formulations, they were not discussed in detail
here in order to maintain a focus on polysaccharide-based coatings and
the associated manufacturing considerations. Nevertheless, PEGylation
has also been reported to be associated with immunological responses,
including the formation of anti-PEG antibodies, which may influence
pharmacokinetic behaviour and blood circulation profiles, particularly
upon repeated administration [38].

3.4. Functionalisation as an additional feature

Coated particles may be further modified with the help of pharma-
cologically active ligands (APIs). This task is accomplished by covalent
or adsorptive functionalisation [37] utilising suitable small molecules in
order to modify the chemical and physical properties of the particles and
concurrently increase the biological impact on cells. As an example,
lauric acid- and bovine serum albumin (BSA)-coated particles can be
loaded with the cytotoxic agent mitoxantrone for future clinical appli-
cations in form of targeted cancer therapy [39].

3.5. Form follows function

Another requirement for particle modification stems from the
observation that iron oxide-based nanoparticles interact with CAR T
cells in a highly synergistic way. Scientific investigations revealed that
superparamagnetic particles coated with citrate are readily absorbed by
CAR T cells, leading to a significant reduction in acute toxicity (e.g.,
Cytokine Release Syndrome) in the context of T cell-based therapies
[40-43].

The superparamagnetic properties of iron oxide nanoparticles also
enable them to be specifically enriched in target tissues and defined
body regions after applying an external magnetic field. This unique
characteristic of nanosized iron oxide particles allows for medical ap-
plications such as drug targeting where the main portion of intrave-
nously administered API is magnetically accumulated and remains
predominantly in the target area while simultaneously reducing sys-
temic side effects [36,39,44].

4. Challenges when attempting to manufacture
nanopharmaceuticals

Synthesis of superparamagnetic nanoparticles for pure experimental
application does not necessarily require compliance with pharmaceu-
tical regulatory requirements, but rather calls for diligent work and
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observance of applicable safety regulations when working in academic
research laboratories. GMP-compliant production of medicinal products
for human use, on the other hand, requires drastically higher technical,
operational and financial expenditures. Anyone intending to bring a
novel medicinal product onto market must priorly demonstrate its
(pharmaceutical) quality, (medical) efficacy and (toxicological) safety,
as well as a favorable benefit-risk ratio [45]. This distinction is partic-
ularly relevant for nanoparticle-based medicinal products, where minor
variations in material properties can have a pronounced impact on
quality, safety, and clinical performance.

From a pharmaceutical perspective, product design and develop-
ment, scale-up, validation activities and legally conformant imple-
mentation of the manufacturing process may well be considered as
major hurdles that need to be overcome in order to launch a medically as
well as economically successful product. When attempting to fabricate
nanoformulations for clinical applications (e.g., first-in-human study) in
accordance with GMP, the provisions of national pharmaceutical law (in
Germany: German Medicinal Products Act, AMG) [46], the EU legal
framework for medicinal products for human use (Eudralex) [47] as
well as the Clinical Trials Regulation (CTR) [48], harmonising the pro-
cesses for assessment and supervision of clinical trials throughout the
EU, must be closely observed. European research teams interested in
conducting drug studies (in whole or in part) within the U.S.A. will have
to comply with national requirements of the U.S. Food and Drug
Administration (FDA) [49]. Together, these frameworks impose strin-
gent and highly structured requirements on manufacturing documen-
tation, process control, and quality oversight, which significantly
influence early development decisions for nanoparticle-based investi-
gational medicinal products.

Irrespective of the geographical site of the clinical trial, the manifold
pharmaceutical regulations pose major challenges for the implementers,
especially for the academic community. In contrast to a majority of
globally-operating pharmaceutical entrepreneurs with dozens of expe-
rienced layers and trained pharmaceutical staff members, academic in-
stitutions and research bodies are often not proficient enough for dealing
with overly complex regulatory and supervisory issues. As a conse-
quence, many academic nanomedicine projects face a critical transition
gap between promising laboratory results and the regulatory re-
quirements for clinical translation.

A further challenge to many academic institutions is the lack of own
technical and personnel resources for GMP-compliant production and
quality control of medicinal products. Resources should include, inter
alia, suitable and qualified equipment for production and testing, an
officially approved manufacturing environment and well trained and
highly skilled staff members. If appropriate resources are missing,
consideration should be given to the idea of resorting to pharmaceutical
service providers, commonly referred to as contract manufacturing or-
ganisations (CMOs) or - if pharmaceutical research and formulation
activities are additionally required - contract development and
manufacturing organisations (CDMOs). Such expertise is particularly
valuable during late-stage process development, where manufacturing
robustness and regulatory alignment become as critical as the underly-
ing nanoparticle design.

CMOs and CDMOs that have specialised in nanotechnology-based
medicinal products usually have profound knowledge of the chal-
lenges that apply for development (R&D offered only by CDMOs), lab-
oratory-, pilot- and full-scale production including scale-up techniques,
quality control (QC), quality assurance (QA) and licensing. For instance,
if a detailed characterisation of the nanosystem with suitable analytical
techniques and subsequent specification of critical quality attributes
(CQAs) is still pending, or basic questions regarding pharmaceutical
CMC (Chemistry, Manufacturing and Control) have not yet been sulffi-
ciently addressed, an experienced CDMO with a proven track record
may be asked for external support.

For the GMP-compliant manufacture of SEONPEX30 IMPs, the deci-
sion was made to closely collaborate with a German-based CDMO. The
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most important steps of the pharmaceutical production process shall
now be briefly described, representative of other iron oxide-based par-
ticle types for diagnostic and therapeutic applications. The focus is
placed on process-related decision-making rather than on the specific
product itself, with the aim of supporting future projects facing com-
parable regulatory and manufacturing constraints.

5. Translational considerations for the GMP-compliant
production of dextran-coated superparamagnetic nanoparticles

While the chemical synthesis of dextran-coated iron oxide nano-
particles is well established, their translation into GMP-compliant
manufacturing processes remains challenging and is less frequently
described in detail. GMP-compliant manufacturing of medicinal prod-
ucts to take place within Germany is based on the manyfold provisions of
Eudralex, CTR, AMG and individual demands by local and federal su-
pervisory authorities. Particularly important regulatory requirements
are explicitly mentioned in the text. To facilitate orientation, a sche-
matic overview of the translational workflow addressed in the following
section is shown in Fig. 2.

5.1. Procurement and storage of GMP-compliant starting materials

GMP-compliant manufacture of SEONPEX30 IMP-batches requires, in
a preliminary step, the procurement of pretested and approved raw
materials in European Pharmacopoeia (Ph. Eur.) quality or — if not
expressly listed in the pharmacopoeia - in accordance with CDMO-
proprietary quality specifications. Ferrous bichloride (FeCly-4H20),
ferric trichloride (FeCls-6H20), dextran 40, water for injection (WFI),
liquid ammonia, sodium hydroxide, epichlorohydrin (ECH) and inert
gas (e.g., medical grade nitrogen) serve as starting materials for particle
synthesis [28,30]. This set of materials is representative for iron oxide
nanoparticle systems relying on polysaccharide-based coatings and may
be adapted accordingly for related formulations.

All raw materials are stored in restricted access areas at the CDMO's
site, being continuously monitored to prevent any degradation in
quality. For nanomaterial manufacturing, controlled storage conditions
are particularly important, as moisture uptake, oxidation or contami-
nation of starting materials can indirectly affect particle nucleation and
growth processes. Depending on the storage provisions, materials are
kept at room temperature (15 °C-25 °C) or at lower temperatures (e.g.,
5 °C =+ 3 °C: refrigerator). Substances classified as hazardous are stowed
in strictly separated parts of the materials warehouse in order to mini-
mise contamination and health risks for employees.

5.2. Provision and transport of raw materials required for batch
production

Whenever a batch production is pending, the required starting ma-
terials are retrieved from the warehouses, assembled at an intermediate
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storage area and — after a standardised release procedure by the pro-
duction manager in charge - transferred to the designated
manufacturing area.

Since nanomedicines to be administered intravenously are classified
as injectables in accordance with the requirements of EU GMP Annex 1
[50], all critical manufacturing steps must be carried out in dedicated
clean rooms. ISO-standard 14644-1:2015 specifies the classification of
air cleanliness in terms of concentration of airborne particles in clean-
rooms and clean zones. For parenteral dosage forms that allow for ter-
minal sterilisation, the fabrication of intermediate products inside of
pharmaceutical grade C cleanrooms is generally considered acceptable.

5.3. Multistep synthesis and intermittent purification of dextran-coated
iron oxide-based nanoparticles

Chemical synthesis of SEONPEX30 particles involves a five-step pro-
cedure, incorporating a partially automated custom-made chemical
glass reactor, accessible from a remote-control cabinet through a vali-
dated software. Featuring a double-walled construction of the vessel, the
reactor allows for rapid heating and cooling of the interior by means of a
heat transfer fluid. In the first processing step, iron oxide nanoparticles
coated with dextran are precipitated. Briefly, a mixture of FeCly-4H,0
and FeCls-6H,0 is dissolved in an aqueous dextran 40 solution. The
viscous fluid is introduced into the inside of the reactor vessel via high-
precision feeding pumps and subsequently cooled down near freezing
point. Particle formation is initiated by the addition of ice-cooled 25 vol
% ammonia. After formation, particles are heated and kept at 75 °C for a
fixed time period, followed again by cooling to room temperature [28].
Careful control of temperature and reagent addition at this stage is
critical, as nucleation and early growth processes influence final particle
size distribution and batch reproducibility.

In a second step, the ferrofluid is purified via tangential flow filtra-
tion (TFF) utilising WFI as cleansing agent. Tangential flow filtration
was selected as a scalable and GMP-compatible purification strategy
suitable for shear-sensitive nanoparticle systems. The TFF-mediated
procedure removes non-processed starting materials (e.g., redundant
ammonia, ferrous salts and coating material). With the TFF technique,
particles are tangentially passed across a filtration membrane with
relatively low pressure, thereby avoiding high centrifugal forces, the
occurrence of concentration gradients and the formation of unwanted
aggregates. Unlike other commonly used methods for purification and
concentration, TFF has been shown to preserve hydrodynamic cluster
size and colloidal stability in cell culture media and blood under the
applied conditions [28,30].

In the third process step, the dextran molecules encompassing the
iron oxide core are cross-linked with liquid ECH to ensure enhanced
particle stability and minimised risk of toxicity. Briefly, the purified
particle suspension is reloaded into the chemical reactor, alkalised with
sodium hydroxide and treated with ECH under stirring and intense
cooling for a defined period, as a rule of thumb usually up to 24 h [28].

Translational workflow
From Iaboratory synthesis to GMP-compIiant production
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Fig. 2. Schematic overview of the translational workflow from academic nanoparticle research to GMP-compliant clinical trial supply.
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This manufacturing step is considered important with respect to
reducing the risk of CARPA, which has been associated with insuffi-
ciently coated iron oxide nanoparticles [30,32].

Since ECH is highly toxic, and sudden gaseous emissions would harm
manufacturing personnel not wearing adequate protective equipment,
the cross-linking reaction must be carried out with utmost technical
precision and under observance of stringent safety precautions. For
example, the manufacturing area must be equipped with highly effective
heating, ventilation and air conditioning installations (HVAC-system),
gas-tight entry/exit doors as well as a sensitive gas detector so that in
case of technical failure or operating errors no serious injuries will
occur.

In the fourth step, cross-linked particles are once more purified with
the assistance of the TFF system, resulting in complete elimination of
residual hydrosoluble impurities, for example traces of ECH or poten-
tially harmful by-products [28]. This purification step is essential to
ensure patient safety and to comply with impurity-related regulatory
expectations for parenteral products.

The fifth process step involves gradual reduction of the WFI content
in the ferrofluid, again by putting the TFF technique into use, with the
aim of obtaining an opaque nanoparticulate suspension with a defined
total iron concentration of 1 mg/ml.

During this five-step procedure, which takes several days to com-
plete, a series of in-process control (IPC) tests is performed, such as
determination of ferric content, mean/median particle size and size
distribution and pH value measurement, to ensure highest quality of the
intermediate products. IPCs are particularly important for nanoparticle
systems, as deviations may not be readily corrected in later
manufacturing stages. In case all test results meet the specifications, the
concentrated ferrofluid batch (referred to as intermediate or semi-
finished product) is internally released for further pharmaceutical
processing.

5.4. Filtration process for removal of foreign particulate matter

Subsequently, the particulate suspension is passed through a custom-
made filtration system (pore size not exceeding 0.45 pm) in order to
ensure that no foreign particulate matter that may have accidently
contaminated the ferrofluid during one of the synthesis steps will be
present in the final product. Non-removal of foreign particles in the pm-
size range could possibly lead to severe side effects after administration
of the IMP (e.g., undesired complement activation, vascular occlusion/
thrombosis).

5.5. Portioning and filling processes

The suspension is then portioned inside a pharmaceutical isolator
(technical facility for creating a sterile environment that is essential for
handling sterile dosage forms) and automatically filled into numerous
pre-sterilised glass vials with uniform sizes of 10 ml. Pharma-grade
infusion stoppers are used for subsequent sealing of vials.

5.6. Terminal sterilisation

For terminal sterilisation of the ferrofluid, an autoclaving process
with moist heat at 121 °C is applied [51]. Again, numerous IPC tests
accompany these manufacturing activities, such as container closure
integrity testing (CCIT), fill level measurements and proof of absence of
foreign particulate matter.

5.7. Labelling and packaging

In subsequent processing steps, the tightly sealed vials are labelled
for product identification and packaged in outer boxes.
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5.8. Final quality inspections

Finished IMPs are subjected to final inspections according to the test
methods and permissible limits defined by the Investigational Medicinal
Product Dossier (IMPD). The IMPD summarises all relevant information
on the quality, manufacture and control of the IMP and may be
considered as one of the most important documents required for
approval of clinical trials by the competent authorities [52]. For nano-
medicines, the preparation of the IMPD is particularly demanding, as
material-specific attributes such as particle size distribution, surface
characteristics and colloidal stability must be comprehensively
described, justified and linked to the manufacturing process.

5.9. Certification by a Qualified Person, intermediate storage and
shipment of released medicinal products to clinical trial sites

Following certification and batch release by a Qualified Person [53],
the labelled IMP vials are carefully packed into lockable transport con-
tainers and temporarily stored in the pharmaceutical warehouse of the
CDMO until shipped to clinical trial sites under the conditions specified
by the EU-Guideline on Good Distribution Practice (GDP). For
nanoparticle-based IMPs, distribution represents a critical extension of
the manufacturing process, as inappropriate handling or transport
conditions may compromise colloidal stability and product integrity.
Qualified Person certification therefore constitutes not only a regulatory
requirement but may also be seen as the final assessment of the control
strategies applied throughout manufacture and packaging.

5.10. Final release by the sponsor

Prior to administration to patients, a final release must be performed
by the sponsor of the clinical trial, hereby confirming that the respective
IMP-batch will be applied in full accordance with the therapeutic ob-
jectives and safety precautions as stated in the IMPD (as well as in
additional documents such as the Investigator's Brochure). In this
context, it is important to keep in mind that successful completion of all
three main phases (I, II, III) of clinical trials is a prerequisite for subse-
quent market approval of medicinal products [54].

6. Scope of final quality inspections

Test methods used for final quality inspections of manufactured
SEONPEX30 [\MIPs are listed in Table 1. If one of the test results does not
meet specifications, the batch is to be rejected and may be subjected to a
reexamination, depending on the significance and severity of the
deviation.

Prior to first-time application of test methods in the pharmaceutical
quality inspection, all selected QC procedures should be evaluated
subject to scientific guideline ICH Q9 (R1) on Quality Risk Management
[55]. Quality risk management is a systematic, science-based process for
assessing, controlling, communicating, and reviewing risks to the
quality of a product throughout its lifecycle, ensuring patient safety and
meeting quality standards by proactively identifying potential issues
and implementing mitigation strategies. This consensus-based guideline
not only applies to testing of finished dosage forms, but also to starting
materials and intermediate products. Additionally, testing methods have
to be validated under the provisions of EU GMP Annex 15 [56]. The
application of these principles within the present case example illus-
trates how regulatory expectations for method suitability may be
addressed during early clinical development of nanoparticle-based
IMPs.

7. Conclusion

The translation of nanotechnology-based medicinal products from
academic research into clinical application and, ultimately, into routine
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Table 1
Scope of testing using the example of dextran-coated SPIONs.

No  Methodology Source(s) of
information on

the test method

Test parameters

1 Gas chromatography Ph. Eur./CDMO- Epichlorohydrin
proprietary concentration
specification

2 pH value measurement Ph. Eur./CDMO- pH-value
proprietary
specification

3 UV-Vis spectroscopy Ph. Eur./CDMO- Ferric content
proprietary
specification

4 IR spectroscopy Ph. Eur./CDMO- Degree of crosslinking
proprietary
specification

5 Dynamic light scattering ~ Ph. Eur./CDMO- Mean particle size and size
proprietary distribution
specification

6 AC susceptometry CDMO- Magnetic susceptibility
proprietary
specification

7 Tests for detection of Ph. Eur./ICH (Absence of) impurities,

impurities, foreign guidelines/ foreign particulate matter
particulate matter and CDMO- and residual solvents
residual solvents proprietary
specification
8 Bioburden Ph. Eur. Analysis of viable
determination microorganisms or
contamination level in a
product prior to
sterilisation technology

9 Sterility testing Ph. Eur. (Absence of) Self-

replicating microorganisms

10  Endotoxin testing Ph. Eur. (Absence of) Toxic

lipopolysaccharide and
lipoprotein complexes

11 Pyrogen testing Ph. Eur. (Absence of) Fever-

producing substances
Particle appearance,
structure and
agglomeration behaviour

Ph. Eur./CDMO-
proprietary
specification

12 High-resolution
transmission electron
microscopy (HRTEM)

medical use requires early integration of pharmaceutical quality, regu-
latory compliance and manufacturing feasibility. Independent of the
intended clinical indication, GMP-compliant production represents a
fundamental prerequisite for this process, even though the associated
technical, organisational and legal challenges may initially appear
substantial. Where in-house pharmaceutical infrastructure is not avail-
able, collaboration with experienced CMOs or CDMOs may provide a
viable pathway for academic groups to advance nanoparticle-based
formulations towards clinical investigation. Establishing such collabo-
rations requires careful consideration of process design, risk manage-
ment, quality control strategies and regulatory documentation, all of
which should be addressed at an early development stage to avoid de-
lays during clinical trial authorisation.

In this context, the GMP-compliant manufacture of SEONPEX30 par-
ticles is presented as a representative translational case example. The
focus of this work is illustrating typical decision-making processes, risk
assessments and organisational strategies encountered during the
development of iron oxide-based nanoparticle IMPs. The experiences
described herein are intended to support future projects facing compa-
rable manufacturing and regulatory constraints, particularly within ac-
ademic or translational research environments. While individual
formulations and clinical applications will inevitably require tailored
solutions, the principles outlined may serve as a practical framework to
facilitate the efficient and compliant transition of nanomedicine con-
cepts from bench to early clinical development.
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