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Risk and life cycle assessment of nanoparticles for
medical applications prepared using safe- and
benign-by-design gas-phase syntheses†
P. Weyell,a H.-D. Kurland,b T. Hülser,c J. Grabow,b F. A. Müllerb and D. Kralisch

*a

Laser vaporisation is a promising technology for the industrial manufacturing of spherical, oxidic nanoparticles, including crystalline, less-agglomerated ferromagnetic maghemite (γ-Fe2O3) and superparamagnetic γ-Fe2O3/amorphous SiO2 composite nanoparticles. These can be utilised in medical applications such as contrast agents in magnetic resonance imaging (MRI) and may replace common contrast
agents such as gadolinium chelate complexes. Nano-speciﬁc risk assessment and life cycle assessment
have been used in parallel in order to critically assess beneﬁts and shortcomings of this technological
approach and to ﬁnd the key parameters for process optimisation. Potential risks in occupational safety
were found to be low, but the energy demand of the laser system is crucial in terms of environmental
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impact potential. However, process optimisation options in process eﬃciency, laser source and reuse of
waste heat were identiﬁed, leading to a decrease of the overall cumulated energy demand up to 94%.
Flame spray pyrolysis was included in the comparative study as an alternative approach for gas phase synthesis of oxidic nanoparticles. Both technologies and the resulting nanoenabled products were found to
be environmentally beneﬁcial compared to the preparation of the standard MRI contrast agent Gadovist®.

Introduction
Nanotechnology is considered to be one of the six key enabling
technologies having an important impact on the growth of
the European process industry and well-being of the society.1
During the last few decades, numerous synthesis procedures
have been developed in order to produce nanomaterials made
from diﬀerent raw materials and compositions, in diﬀerent
sizes, forms, etc.2 In some cases, the production of these nanomaterials has already overcome its infancies and reached the
ton scale (e.g. silicon dioxide nanoparticles 599 000 t a−1 and
iron oxide nanoparticles 9260 t a−1).3 As a result of the increasing commercial accessibility, nanoenabled products are
already in use in several fields of application, including in
chemistry,4 construction,5 pharmacy and medicine.6
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The growing industrial demand for nanoenabled products7
and the development of large-scale production processes8 over
the last couple of years have led to increasing safety requirements for production processes and the resulting products
alike.9 Besides that, environmental impacts of products and
production processes are seen more critically, today, and are
taken into consideration more often. European policies call for
significant reductions in energy demand and non-renewable
material consumption for all new technologies compared to
the state of the art.10 Failing these requirements may result in
consequences ranging from exclusion from public funding,
additional taxes to prohibitions of production.
In order to meet the ever-growing data requirements for
new nanomaterials and their production processes, a consideration of e.g. safety aspects, environmental impacts, and
resource consumption right from the beginning in research
and development is highly recommended.1,11 The additional
information provided during the decision-making process
for the selection of certain options at an early stage will
foster the design of safer and more environmentally benign
processes and products later on.12 The clear benefits and
viability of such a holistic concept, utilising e.g. Life Cycle
Assessment (LCA) and Risk Assessment (RA), have been
already approved in many case studies, e.g. by Kralisch et al.13
and Hou et al.14 However, only a few have focussed on nanotechnology, yet.15
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In this article, an early stage comparative LCA and nanomaterial specific RA study of oxidic nanoparticles, produced
using laser vaporisation (LAVA) of a single metal oxide powder
and by co-vaporisation (CoLAVA) of homogeneous mixtures of
metal oxide powders, is presented. These laser-induced production processes for oxidic nanoparticles16 were assessed for
three reasons. First of all, the (Co)LAVA technologies are well
suited for the continuous and reproducible production of high
quality nanopowders with merely softly agglomerated, spherical nanoparticles of defined crystal phase(s) and narrow diameter distribution. This improvement in quality opens up new
application potential, e.g. in the fields of medical diagnostics
and therapy. Secondly, technology readiness of this promising
technology has already been approved on the semi-industrial
scale,17 which is an important premise for the development of
broadly applicable products. Last but not least, the CoLAVA
technique allows the direct, single-stage synthesis of inorganic
core–shell nanoparticles. Core–shell structures can reduce toxicological risks of the core and improve biocompatibility and
colloidal stability of particles.18
LAVA and CoLAVA prepared magnetic iron oxide nanoparticles (IONs) with organic and inorganic shells, respectively,
were selected as case studies, due to their high application
potential in nanomedicine, e.g. as T2 contrast agents in magnetic resonance imaging (MRI), and in theranostic and
hyperthermia treatment.19 Physicochemical properties, occupational risks, potential environmental impacts and benefits
of these nanoparticles in relation to their future value in MRI
diagnostics were investigated in this comparative analysis.
The results were critically compared with those for an established gadolinium-based contrast agent, taken as the baseline,
and with IONs synthesized using flame spray pyrolysis (FSP),
considered as a technological alternative for large-scale gasphase synthesis of metal and metal oxide nanoparticles.20
While gadolinium chelate complexes are known for their
potential nephrotoxicity,21 are suspected to cause accumulation of gadolinium in the brain22 and may be aﬄicted by
comparatively high environmental impacts caused by their
complex multi-step synthesis pathways, little is known about
the safety and environmental impacts of gas phase nanoparticle generation procedures such as LAVA, CoLAVA or FSP.
By means of this study we are providing a profound basis
for safe and environmentally benign design of a new generation of medical nanoproducts and their production
processes.

Paper

ceramic raw powder, while the starting materials of the
CoLAVA process are defined, homogeneous mixtures of
ceramic raw powders. Due to absorption of the intense laser
radiation, the raw powder heats up and vaporises. Further
absorption processes in the vapor result in its superheating
and the formation of plasma just above the beam focus.
Vaporisation and plasma formation occur under normal
pressure in a continuously flowing process gas. Plasma and
vapour cool down rapidly when they expand into the process
gas, and nanoparticles grow by an accordingly fast gas-phase
condensation. Depending on the composition of the raw
powder mixture CoLAVA yields mixed oxide or composite nanoparticles due to the simultaneous condensation of the components from the raw powder mixture. The nanoparticle laden
gas flow (nanoparticle aerosol) transports the nanoparticles
into a filter unit, where the nanopowder is finally separated.
Superparamagnetic silica coated iron oxide (SiliFe) composite nanoparticles consisting of a closed spherical matrix of
amorphous silica with a maghemite (γ-Fe2O3) inclusion (core)
(Fig. 1) were prepared by using the CoLAVA method.23 For the
synthesis, 70 mass% hematite powder (α-Fe2O3; Sigma-Aldrich
Chemie GmbH, Steinheim, Germany, product no. 310050,
purity ≥99%, grain size ≤5 µm) and 30 mass% silica powder
(SiO2; Sigma-Aldrich Chemie GmbH, Steinheim, Germany,
product no. 83340, purum p.a., grain size <63 µm) were mixed
in a tumbling mixer. The homogeneous mixture was vaporised
with continuous CO2 laser radiation (wavelength 10.59 µm,
radiation power 2 kW, focus intensity 220 kW cm−2). A total
process gas flow of 14.5 m3 h−1 was applied consisting of air as
a background flow (12.5 m3 h−1) and argon as an additional
gas flow (2 m3 h−1) directly fed into the zone of condensation.
Argon was used as an additional gas since it promotes the formation of maghemite.24,25 CoLAVA synthesis and formation
of these SiliFe nanoparticles were described in detail
previously.23
The ferromagnetic maghemite nanoparticles in this study
were prepared by using the LAVA method starting from the
same hematite raw powder and applying the same process conditions already used for the synthesis of the SiliFe nano-

Materials & methods
Synthesis of magnetic nanopowders and their
physicochemical characterisation
Preparation of metal oxide nanoparticles by laser vaporisation. The (Co)LAVA methods were previously described in
detail elsewhere.16 Briefly, these methods use a CO2 laser
beam which is focused onto the surface of coarse ceramic
starting powders. The LAVA process starts from a single

This journal is © The Royal Society of Chemistry 2020

Fig. 1 TEM micrographs of SiliFe nanoparticles: amorphous silica
matrix bright, maghemite inclusions dark. (A) Particle size distribution.
(B) Depiction of the closed silica shell.
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particles. LAVA synthesis and formation of the maghemite
nanoparticles were described in detail previously.24
Physicochemical characterisation of the magnetic nanopowders. The nanopowders were characterised according to the
technical
specification
document
ISO/TS
17200.
Morphological and structural properties of the nanoparticles
were examined by transmission electron microscopy (TEM,
JEM 3010, JEOL, accelerating voltage U = 300 kV). TEM micrographs were used to evaluate the size distribution of the nanoparticles by measuring and classifying the Feret diameters of
about 1000 nanoparticles. From these data, the frequency distribution q0 of the particle diameters was compiled and fitted
with a logarithmic normal distribution to obtain the geometric
mean particle diameter µg(q0). The cumulative particle size distribution Q0 was fitted with a sigmoid function to compile the
characteristic median particle diameters d10, d50, and d 90. The
frequency-based size distribution of the iron oxide inclusions
in the SiliFe nanoparticles was evaluated by measuring and
classifying the maximum size of about 1000 inclusions.
Again the distribution was fitted with a logarithmic normal
distribution to obtain the geometric mean size µg,Inc(q0) of the
iron oxide inclusions. The Brunauer–Emmett–Teller (BET)
method was applied to measure the mass-specific surface area
SBET of a degassed nanopowder sample via nitrogen adsorption. In order to identify the crystal phases in the SiliFe nanopowder X-ray powder diﬀraction (XRD) measurements were
conducted. The powder diﬀraction file PDF 39-1346 for
γ-Fe2O3 from the Inorganic Crystal Structure Database (ICSD)
was used as a reference. The mean crystallite size L(311) of the
iron oxide inclusions was calculated by using the Scherrer
equation (eqn (1)) from the full width at half-maximum Δ(311)
of the (311) reflection of γ-Fe2O3, its diﬀraction angle 2θ, the
wavelength λ of the X-ray radiation, and the Scherrer constant
K assuming a spherical geometry (K = 0.89). The value of Δ(311)
was corrected for the instrumental broadening Δi determined
from the XRD measurement of a LaB6 standard.
LðhklÞ ¼

cos 2θ 

K λ
ﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ΔðhklÞ 2  Δi 2

ð1Þ

Vibrating sample magnetometry was applied to measure
the saturation and remanent magnetisation MS and MR,
respectively, of the composite nanopowder.

daily exposures (PDE) per applied dose. The PDE expresses
limits for residues of, e.g. metal catalysts and metal reagents
in pharmaceutical products and exposure of permissible
masses per day.
Life cycle assessment
LCA and RA were used in this study to evaluate and support
safe- and environmentally benign-by-design process and
material development.
LCA is a compilation and evaluation of the inputs, outputs
and potential environmental impacts of a product throughout
its entire life cycle (from cradle to grave).27 In accordance with
ISO 14040/44, LCA comprises four stages: (1) goal and scope
definition, (2) life cycle inventory analysis, (3) life cycle impact
assessment (LCIA) and (4) interpretation of results. The goal
and scope definition is the most crucial step in an LCA study
due to the necessary description of the exact utility of the
product and the product system including assumptions, allocations and system boundaries. The life cycle inventory (LCI)
comprises quantified input and output data (mass and energy
data) along the life cycle of the product system under study,
starting with raw material extraction, production and manufacturing, application up to waste treatment and/or recycling.
During the LCIA, the potential environmental impacts are calculated based on the LCI data. Before doing so, relevant
environmental categories as well as indicators and related
methods for the characterisation model have to be identified.
In this study, IPCC201328 was chosen for the assessment of
the global warming potential (GWP) and CML29 as established
and the robust LCIA method for the assessment of further life
cycle impacts as summarised in Table 1. Since contrast agents
are medical or pharmaceutical products, human and ecotoxicity have a particularly high relevance in this specific study.
USEtox, recommended as the most established LCIA method
for the LCIA of potential toxicological impacts of pharmaceuticals,30 was used in this study to assess the human (HTP) and
ecotoxicity potential (ETP).
Goal and scope definition. A comparative LCA study on magnetic iron oxide nanoparticles (SiliFe and γ-Fe2O3 nanoparticles with an organic shell) generated by (Co)LAVA technology through gas phase synthesis and their applicability as T2
contrast agents in MRI exams was performed (Fig. 2). IONs

Elemental impurities
The elemental composition was determined by XRF spectroscopy (S8 Tiger spectrometer from Bruker) in a non-destructive testing. Elemental concentrations in the ppm range were
assessed by semi-quantitative analysis using the device specific
software SpectraPlus. Since contrast agents have to fulfil the
requirements for parenterals, the compliance of the chemical
composition of the nanopowders with requirements concerning elemental impurities in pharmaceuticals (ICH-Q3D)26 was
investigated applying X-ray fluorescence (XRF) spectroscopy.
The impurities observed in XRF spectroscopy (ESI, Table 1†)
were analysed in relation to the element-specific permitted

816 | Green Chem., 2020, 22, 814–827

Table 1

Impact categories and indicators in LCIA

Method

Impact category

Indicator

IPCC 2013
CML 2001

Climate change
Acidification
Eutrophication
Photochemical oxidation
Ozone depletion
Abiotic resource depletion
Metals & minerals
Fossil fuels
Human toxicity
Aquatic ecotoxicity

GWP
AP
EP
POCP
ODP

USEtox

ADPelemental
ADPfossil
HTP
ETP

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 System boundary for life cycle assessment. Comparative approach in the evaluation of γ-Fe2O3 and SiliFe nanoparticles; reference process
gadolinium chelate complex Gadovist® production.

without an inorganic or organic shell possess a certain risk to
induce the formation of radical oxygen species (ROS) by the
Fenton and Haber–Weiss reactions.31 Consequently, only core–
shell IONs were analysed in this study. Alternative scenarios of
processing were investigated in order to quantify the current
environmental impact potential and to point out the key parameters for improvements.
The wet chemical synthesis of the gadolinium chelate
complex (GCC) Gadovist® as a common contrast agent without
a nanoenabled functionality was analysed as the baseline
(Fig. 2).
Furthermore, FSP was considered as an alternative established gas phase synthesis process of oxide nanoparticles. The
TEM image of iron oxide nanoparticles generated in a flame
spray process on a pilot plant scale is depicted in ESI, Fig. 1.†
In the case of FSP, kinetically controlled particle formation
occurs by the combustion of liquid precursor materials, which
are often mixed or diluted with fuels (alcohol solvents) but do
not require an additional source of energy for precursor conversion. FSP readily utilises less-volatile and economical precursors such as metal acetates or nitrates and allows the
generation of functional nanocomposites, e.g. core–shell
structures.20
The data for modelling of both (Co)LAVA and FSP were collected from two pilot-scale plants installed at Friedrich Schiller
University Jena (FSU) (Fig. 3) and the Institute for Energy and

This journal is © The Royal Society of Chemistry 2020

Environmental Technology (IUTA) (Fig. 4) as well as from the
literature.32–36 The manufacturing process for the LCA reference product Gadovist® was modelled based on the literature
data,37 since no detailed LCI information about the current
production process could be obtained.
After the manufacturing of the GCC or nanoparticles,
further steps are required in order to obtain the final product,
e.g. dispersion of the nanoparticles and filling of the injectable
suspension, packaging of the contrast agent and transport of
the final pharmaceutical product. These down-stream process
steps were included in the cradle-to-gate evaluation of all scenarios alike by consideration of the generic data obtained from
the environmental declaration of TEVA Pharmaceutical
Industries (ESI, Table 2†).38
In case secondary data were needed for comparative evaluation, the software Umberto NXT LCA 7.1.13 and the database
ecoinvent version 2.2 and 3.2 were used for LCI modelling.
Further information was obtained through expert interviews or
from the scientific literature.
Detailed information about the datasets used in the LCI
and a data quality rating are provided in ESI, Tables 3 and 4.†
Functional unit. The definition of functional unit (FU)
allows the relation of potential environmental impacts of a
product on its function rather than its physical properties. By
that, products made from diﬀerent materials but featuring the
same functionality become comparable.
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Primary and secondary (literature32–34) data of the CoLAVA process.

Iron oxide (composite) nanoparticles produced by CoLAVA,
LAVA and FSP were compared with Gadovist® based on their
applicability as contrast agents in MRI exams. In the case of
nanoenabled products, a unit dose for a patient with 70 kg
body weight (bw) was considered in all calculations. This FU
was determined based on mass doses of the former contrast
agents Feridex® (15 µmol Fe per kg body weight) and
Resovist® (10 µmol Fe per kg body weight) (Table 2). Values
were calculated based on XRF analysis of the chemical composition of the nanoparticles (ESI, Table 1†). The FU for the reference Gadovist® was determined on the basis of the recommended single injection dose of 7 mL (4.2 g gadobutrol,
0.1 mmol Gd per kg body weight) before MRI exams.
Scenarios. Diﬀerent scenarios were evaluated in order to critically assess and compare the potential environmental
impacts resulting from alternative measures to obtain the
same functional unit and to point out possible improvements
of the existing nanoparticle generation processes.
The synthesis of the GCC Gadovist® as a contrast agent in
MRI and the resulting environmental impact potential were
assessed in Scenario 1 (baseline):
Gadovist S1: Wet chemical synthesis of Gadovist®. The LCI
data were collected based on a typical chemical synthesis
pathway for the gadolinium complex (Fig. 5). The upstream

818 | Green Chem., 2020, 22, 814–827

processes in the preparation of the butrol ligand (1), and complexation of gadobutrol (2) by addition of gadolinium oxide
Gd2O3 as an active ingredient and the down-stream processes
(e.g. packaging and waste treatment) were integrated in the
evaluation as well. Information about the database and the
assumptions made for modelling are summarised in ESI,
Table 5.†
Scenarios 2–5 comprise the current CoLAVA technology and
diﬀerent options for process parameter variations. The LCI of
the CoLAVA process for SiliFe nanoparticle generation was evaluated based on the primary data of the pilot-scale system
(Fig. 3). The apparatus consists of three laser systems used in
parallel. A maximum production rate of 3 × 60 g h−1 nanoparticles can be achieved in this setup.
CoLAVA S2: Production of SiliFe nanoparticles in a CoLAVA
plant with three carbon dioxide laser systems and a production
rate of 180 g h−1 installed in a future industrial environment.
Alternatives to improve the environmental impact by
optimisation of the plant setup were analysed in Scenarios
CoLAVA 3–5 based on recent findings described in the literature. An installation of a heating pump and reuse of the
released waste heat of the laser cooling unit could reduce the
overall process energy consumption up to 45%.39 New technical developments such as fiber and disk laser systems could

This journal is © The Royal Society of Chemistry 2020
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Primary and secondary (literature35,36) data of ﬂame spray pyrolysis (FSP).

Table 2 Mass doses of nanoparticles and Gadovist® for a 70 kg person
as a functional unit (FU) in LCA (bw = body weight)

FU in LCA mass dose [mg]
Process
technology

Contrast
agent

15 µmol Fe
per kg bw

10 µmol Fe
per kg bw

CoLAVA
LAVA
FSP
Wet chemical synthesis

SiliFe
γ-Fe2O3
γ-Fe2O3
Gadovist®

231
84
84
4200

154
56
56

further reduce the energy consumption up to 50% compared
to conventional carbon dioxide lasers.40
CoLAVA S3: CoLAVA S2, but with an additional installation
of a heat pump for the laser cooling unit and waste heat
utilisation.
CoLAVA S4: Reduction of the energy demand of the laser
system (based on S2) by exchange of the laser beam source(s).
CoLAVA S5: Optimisation of the CoLAVA process setup and
exchange of the laser beam source(s) (combination of S3 and
S4).
The production of γ-Fe2O3 instead of SiliFe nanoparticles
was assessed in Scenarios LAVA S6 and S7. Process conditions
were assumed to be the same as in the CoLAVA 2 or 5 scenarios
except for the use of hematite as a single raw material. Since
γ-Fe2O3 nanoparticles without a silica coating would have a
high risk of ROS formation after injection as a contrast agent,

This journal is © The Royal Society of Chemistry 2020

post-modification by chemisorption of starch as a typical
organic coating was assumed in LCI modelling, based on a
study by Schlenk et al.41 The group could show that the toxicity
of iron oxide nanoparticles can be significantly reduced by
neutral or anionic polymer coatings.
LAVA S6: Synthesis of γ-Fe2O3 nanoparticles by LAVA technology ( process setup based on S2) – a post-process nanoparticle
coating with starch.
LAVA S7: Combination of optimisation measures (based on
CoLAVA S5) for the synthesis of γ-Fe2O3 nanoparticles coated
with starch.
FSP S8: FSP for the generation of γ-Fe2O3 nanoparticles, the
precursor solution iron(III) nitrate in 0.5 mol L−1 isopropanol,
a production rate of 270 g h−1 and post-process modification of
the nanoparticles by chemisorption of starch.
Occupational safety analysis
The LCA approach is generally applicable for the evaluation of
potential environmental impacts of nanotechnology, but
missing nano-specific characterisation models in LCIA (e.g.
due to size dependent altered properties and varying behaviour in contrast to bulk chemicals) limit the significance of the
results.42 Here, human health and/or environmental RA can be
used in a complementary way27 to close current nano-specific
gaps
in
nanoparticle
production
processes
using
Stoﬀenmanager Nano.43
By the definition of the World Health Organization
(WHO),44 HHRA allows the identification of a substance
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Fig. 5 Synthesis of gadobutrol (Gadovist®). (TS = tosyl, TSCl = tosyl chloride, DMF = N,N-dimethylformamide, mCPBA = meta-chloroperoxybenzoic acid).

causing harm to people (hazard characterisation) and quantification of the exposition (exposure assessment) in a specific
scenario ( problem formulation).27 The resulting risks are
assessed by numerical relationships between exposure and
eﬀects as well as frequency, time and levels of contact with a
certain stressor. The opportunities to control, reduce or avoid
the risks identified are then evaluated for risk management.
In our case, hazard characterisation was based on the toxicological data obtained from the literature. Since it is yet
unknown whether the potential new contrast agent will be
registered as a medical or pharmaceutical product, both ISO
10993 and ICH guidance documents45 were taken into account
during the evaluation.
The analysis of potential occupational safety issues was performed considering additional life cycle steps of a theoretical
future production process. State of the art technologies, which
would be used in a scaled-up (Co)LAVA process or FSP, were
identified by a literature review, e.g. for raw material transport
during technical processing,46 post-process modification by
organic coating, separation, dispersion, purification and steri-

820 | Green Chem., 2020, 22, 814–827

lisation of the nanoparticles.47 The results were summarised
in process schemes to identify potential risks and challenges
in ensuring occupational safety.
Nano-specific risks were identified by the control banding
approach applied in compliance with ISO/TG 12901-2 using
Stoﬀenmanager Nano43 and the online tool (https://nano.
stoﬀenmanager.nl/). Scenarios A–D were defined in order to
identify potential future nano-specific risks occurring during
the production phase of the nanoenabled products (Table 3).
In hazard characterisation of SiliFe and γ-Fe2O3 nanoparticles, the literature data were used. A previous study by
Stötzel et al.23 showed that SiliFe nanoparticles have a similar
surface behavior to that of pure silica nanoparticles indicating
a closed silica shell (matrix) around the γ-Fe2O3 inclusion
(core). Thus, the hazard data provided in a safety data sheet of
silica nanoparticles48 as an analogous material could be used
(in compliance with ISO/TG 12901-2). The data considered in
categories such as acute toxicity, irritation, cancerogenity,
mutagenicity and reproductive toxicity are summarised in ESI,
Table 6†. γ-Fe2O3 nanoparticles coated with starch were ana-
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Scenarios in nano-speciﬁc occupational risk assessment

Scenario

Risk analysis in:

A

Continuous manufacturing of nanoparticles in an enclosed (Co)LAVA process or FSP. Process control by employees in a separate
control room
Maintenance of the process plant (e.g. exchange of the filter system) once a year without/with the use of personal protective
equipment (filter mask FPP2 or full-face powered air respirator TMP3)
Filling and packaging of the nanoparticles as a sterile pharmaceutical product; change in exposure risk due to the separate filling
system (e.g. a glove box)
Transport and storage of the packaged end product

B
C
D

lysed based on screening toxicity data on core–shell iron oxide
nanoparticles published by Schlenk et al.41 The study included
physicochemical characterisation, stability in biological media
over 28 days, in vitro cytotoxicity, in vitro hemotoxicity and ex
ovo hemotoxicity of the nanoparticles.
The hazard potential was determined by distinguishing
between hazard groups A–E (A = no risk, B = slight hazard, C =
moderate hazard, D = serious hazard, E = severe hazard)
according to ISO/TG 12901-2.
In the next step, the exposure score was calculated based on
descriptions of the work of employees (ESI, Table 7†) in
defined scenarios (Table 3), comprising:
• working tasks, duration and frequency,
• material and product characterisation,
• cleaning, inspection, and maintenance (quality assurance) of the work place,
• working environment, room size and ventilation, and
• implemented control and risk management measures.
The overall nano-specific risk in occupational safety (1 =
low, 2 = middle, 3 = high) was finally evaluated based on the
exposure score and hazard group.

Results
(Co)LAVA technology as a promising new approach for the
industrial manufacturing of high-quality spherical, oxidic
nanoparticles, including crystalline, less-agglomerated ferromagnetic maghemite (γ-Fe2O3) and superparamagnetic
γ-Fe2O3/amorphous SiO2 core/shell (SiliFe) nanoparticles, has
been investigated regarding potential future environmental
impacts, occupational safety during production and elemental
purity of the final nanoenabled product. The results were critically compared with two references: (i) wet chemical synthesis
of Gadovist® as a product alternative in the envisaged field of
application and (ii) FSP of oxidic nanoparticles as a process
alternative.
Physicochemical characterisation
The physicochemical properties of crystalline γ-Fe2O324 and
SiliFe nanoparticles,23 produced via LAVA and CoLAVA
methods, respectively, are summarised in Table 4 (further
information, e.g. stability under storage, zeta potential, aging
and degradation behaviour under physiological conditions,
have been recently published by Rabel and colleagues49).

This journal is © The Royal Society of Chemistry 2020

Table 4 Physicochemical characterisation of γ-Fe2O3 24 and SiliFe
composite nanoparticles

Physicochemical properties

γ-Fe2O3

SiliFe

Mean particle diameter [nm]
Width of particle size distribution [nm]
Mean size of maghemite inclusions [nm]
Mean crystallite size of maghemite [nm]
Specific surface [m2 g−1]
Saturation magnetization MS [Am2 kg−1]
Relative remanence MR/MS

23.2 ± 0.4
33.1
—
26.5 ± 0.2
35.6
72.2 ± 2.2
0.26

17.2 ± 0.1
18.7
11.0 ± 0.7
5.9 ± 0.2
86.4
11.6 ± 0.5
0.01

γ-Fe2O3 nanoparticles have a Fe2O3 content of 99.69%, an
average particle size of 23.2 nm and a narrow size distribution
and show a high saturation magnetisation of 72 Am2 kg−1. A
relative remanence of 0.26 indicated ferromagnetic properties.
The SiliFe composite nanoparticles have a lower Fe2O3 content
of 36.29% and an average particle size of 17.2 nm with an
inclusion (γ-Fe2O3 core) size of 11 nm. In comparison with the
maghemite nanoparticles the width of their size distribution,
given as the diﬀerence of the characteristic diameters d 90–d10,
was found to be decreased from 33.1 nm to 18.7 nm and the
saturation magnetisation reduced from 72 Am2 kg−1 to 11 Am2
kg−1 due to the amount of non-magnetic silicon dioxide. Also,
the relative remanence was reduced to 0.01 indicating superparamagnetic behaviour. The magnetic properties of IONs
have a direct influence on the T2 contrast and applications in
MRI diagnostics, e.g. liver cancer therapy or islet cell
transplantation.19
Based on the iron content, hypothetical mass doses of
SiliFe and γ-Fe2O3 in a future diagnostic product were calculated based on known doses of the former contrast agents
Feridex® and Resovist® (Table 2). SiliFe has to be applied in
higher mass doses (231 mg and 154 mg per dose, respectively),
due to the lower iron content, while mass doses of 84 mg and
59 mg per dose, respectively, were calculated for γ-Fe2O3 nanoparticles with an organic shell.
XRF measurements of the γ-Fe2O3 and SiliFe nanopowders
regarding impurities of nickel, potassium, manganese,
sulphur and zinc (ESI, Table 1†) per FU revealed that γ-Fe2O3
nanoparticles would fulfil the limits of elemental impurities
for human use (Table 5), but in the case of SiliFe nanoparticles, nickel impurities (originating from the current
silicon dioxide source) may lie above the threshold defined in
the ICH-Q3D guideline26 in case a high dose of 231 mg is
needed in order to obtain a suﬃcient T2 contrast.

Green Chem., 2020, 22, 814–827 | 821

View Article Online

Paper

Green Chemistry

Open Access Article. Published on 08 January 2020. Downloaded on 1/8/2023 1:47:17 PM.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Table 5 Elemental impurities of SiliFe and γ-Fe2O3 nanoparticles; compliance with maximum permitted daily exposure (PDE) for parenteral
application per functional unit (FU) in accordance with ICH-Q3D

Elemental impurities in µg per FU
Nanoparticle
SiliFe
γ-Fe2O3
SiliFe
γ-Fe2O3

Mass dose
(FU)

Ni (PDE =
22 µg)

Mn (PDE =
250 µg)

Zn (PDE =
1300 µg)

10 µmol Fe
per kg bw

15
<PDE
6
<PDE
23
>PDE
8
<PDE

92
<PDE
34
<PDE
139
<PDE
50
<PDE

13
<PDE
5
<PDE
20
<PDE
7
<PDE

15 µmol Fe
per kg bw

Life cycle assessment
Fig. 6 and 7 show exemplarily that the lower mass doses
required in the case of γ-Fe2O3 nanoparticles have a distinct
eﬀect on all environmental impact categories (ESI, Fig. 2 and
3†) considered and would reduce the environmental impacts
of the LAVA process compared to the CoLAVA process potentially by up to 60–65% (CoLAVA S2 and LAVA S6).
The comparison of the LCIA results between the wet chemical synthesis of the GCC Gadovist® taken as a reference (S1),
and the (Co)LAVA production of the nanoenabled MRI agents
shows a more diﬀerentiated picture. GWP (Fig. 6), EP (Fig. 7A),
ADPfossil, HTP and ETP (ESI, Fig. 2†) are increased in the case
of the LAVA and CoLAVA processes (S2) whereas reductions in
environmental impacts could be found in AP (Fig. 7B),
ADPelemental, ODP and POCP (ESI, Fig. 3†).
A hot-spot analysis of the alternatives, which shows the
share of single process steps on the overall LCIA results, provided valuable insights. The hot-spot analysis of the CoLAVA
process pointed out that the energy consumption of the
carbon dioxide laser systems and the cooling unit dominates
the LCIA results in all categories (≥99%) (Fig. 8A), while
during the synthesis of Gadovist®, the preparation of the
educt butrol and related upstream processes seem to dominate
most LCIA categories (Fig. 8B). The (Co)LAVA processes instead

Fig. 6 LCIA of SiliFe nanoparticle synthesis by the CoLAVA process,
γ-Fe2O3 nanoparticles by the LAVA process and FSP and gadobutrol
(Gadovist®) as a reference – global warming potential.
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Fig. 7 LCIA of SiliFe nanoparticle synthesis by the CoLAVA process,
γ-Fe2O3 nanoparticles by the LAVA process and FSP and as gadobutrol
(Gadovist®) as a reference – acidiﬁcation potential (A) and eutrophication potential (B).

require no metal catalysts or halogenated organic solvents,
decreasing resource depletion and the environmental impacts
and causing lower risks of halogen radical formation and
ozone depletion reactions in the atmosphere.
Scenarios CoLAVA S3–S5 were analysed in order to identify
strategies to reduce the high process energy demand of the
laser vaporisation and cooling system, which dominates the
LCIA outcomes (Fig. 6). Two promising strategies for a significant optimisation of the current LAVA process setup (installed
at FSU on a laboratory scale) were identified, which can be
easily implemented in the case of an industrial environment.
The reuse of waste heat by the installation of a heating pump
at the cooling unit, previously demonstrated in laser cutting
processes,39 would decrease the energy consumption in the
CoLAVA process and the corresponding overall GWP by 45%
(CoLAVA S3). An update of the laser source, e.g. using fiber or
disk laser systems,40 could reduce the energy demand of the
laser system by 50% and the overall GWP by 33% (CoLAVA S4).
Combining both, a decrease of the GWP up to 64% can be
expected (CoLAVA S5).
The same optimisation strategy can be applied in the case
of the LAVA process (LAVA S7). In combination with the
benefits of a lower mass dose for one patient in the case of
LAVA (Table 2) instead of CoLAVA generated oxidic nanoparticles, a more environmentally benign product than the
GCC reference can be obtained in all LCIA categories considered, with the exception of the GWP, where similar values
were obtained in the case of a mass dose of 15 µmol Fe per kg

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Hot-spot analysis of environmental impacts of the synthesis of SiliFe nanoparticles by the CoLAVA process (A), gadobutrol (Gadovist®) (B)
and γ-Fe2O3 nanoparticles by ﬂame spray pyrolysis (FSP) (C). (AP = acidiﬁcation potential, GWP = global warming potential, EP = eutrophication
potential, POCP = photochemical ozone creation potential, ODP = ozone depletion potential, ETP = ecotoxicity potential, HTP = human toxicity
potential, ADP = abiotic resource depletion).

bw (Gadovist S1: 2.03/LAVA S7: 2.06 kg CO2 equivalents)
(Fig. 6). The benefit in other LCIA categories ranges from
70–80% in the case of EP (Fig. 7A) to 90–94% in the case of AP
(Fig. 7B) and POCP (ESI, Fig. 3†).
Finally, FSP was analysed as an alternative technology for
oxidic nanoparticle generation via a gas phase synthesis (FSP
S8). The hot-spot analysis revealed again the most critical
process units in the overall synthesis process. In the case of
FSP, the consumption of fuel and process gases for incineration and the need for cooling of the nanoparticles have the
highest eﬀect on the potential environmental impacts (≥84%

This journal is © The Royal Society of Chemistry 2020

in all categories) (Fig. 8C). The consumption of nitrogen and
the downstream waste gas combustion result in increased EP
(Fig. 7A) and AP (Fig. 7B) by 309% and 599%, respectively,
compared to LAVA S7, while other impacts were lower (e.g.
reduction by 96% in the GWP (Fig. 6), 88% in the HTP (ESI,
Fig. 2†) and POCP (ESI, Fig. 3†)).
Occupational safety analysis
Process schemes (ESI, Fig. 4†) were used for the identification
of potential occupational risks in the design of alternative processes. In the LAVA and CoLAVA processes (ESI, Fig. 4†), the
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preservation of homogeneity during the transport processes of
the raw powder is a crucial step. The quality of the raw
materials had to be checked and the homogeneity of raw
powder mixtures in the CoLAVA process had to be ensured
until the mixture reaches the vaporisation chamber. Safety precautions along the process especially in the context of laser
light application, emissions of nanoparticles as aerosol and
the emission of process gases are required. In FSP, the direct
flame as well as the dosing of fuel and process gases and combustion of waste gases have to be operated in a controlled
manner. In addition, safety requirements for the storage of
inflammable organic solvents for precursor solutions have to
be taken into account (ESI, Fig. 4†). In the case of Gadovist®,
the safety requirements during storage, handling and treatment
of chemicals and solvents are most important (ESI, Fig. 4†).
An occupational safety analysis on nano-specific risks was
performed applying the control banding approach of
Stoﬀenmanager Nano.43 Since the investigation of the biological–toxicological eﬀects of SiliFe and γ-Fe2O3 nanoparticles
was still ongoing, the literature data were used for the identification of the hazard potential of a (theoretical) manufacturing
process of the nanoenabled medical product. In ISO/TG 129012 diﬀerent approaches are described, which can be used in the
case of limited or missing specific hazard data by e.g. using a
set of screening methods for biological–toxicological characterisation, by using the data of the bulk substance or by considering an analogous material instead.
Stötzel et al.23 demonstrated similar surface properties of
SiO2 and SiliFe nanoparticles by comparative pH-dependent
ζ-potential measurements on SiO2, γ-Fe2O3 and SiliFe nanoparticles. Therefore, a closed SiO2 surface of the SiliFe nanoparticles can be assumed. This finding was supported by highresolution TEM micrographs of the SiliFe nanoparticles (Fig. 1).
Therefore, selected hazard data of silicon dioxide nanoparticles48 were evaluated regarding acute toxicity, skin and eye
irritation, mutagenicity, cancerogenity and reproductive toxicity
(ESI, Table 6†). The results were below the limits in the corresponding hazard group. Hence, hazard group A was assigned to
silicon dioxide nanoparticles, and by that to SiliFe nanoparticles
with a closed outer silicon dioxide shell (Table 6).
A post-process modification with starch was considered in
hazard characterisation of γ-Fe2O3 nanoparticles, since the

design of core–shell structures is a known strategy to ensure biocompatibility of IONs. Schlenk et al.41 showed the relevance of
the coating material for the assessment of the nanotoxicity of the
coated iron oxide nanoparticles and pointed out that the coating
with neutral organic polymers (e.g. starch) results in low toxic
eﬀects. Based on the results of this study, γ-Fe2O3 nanoparticles
coated with starch were allocated to hazard group A (Table 6).
In the assessment of potential exposure, scenarios were
defined (Table 6) covering the main stages in the processing of
a contrast agent (based on the current installations and experiences with the (Co)LAVA and FSP setups) up to the final
medical product (based on process schemes (ESI, Fig. 4†)). In
Scenario A, a confined production plant and a continuous gas
phase synthesis ((Co)LAVA or FSP) were assumed, monitored
by engineers in a separate control room. Low exposure potential can be expected, since there is no direct contact with the
produced nanoparticles (Table 6). Average exposure potential
was obtained in Scenario B, considering the manual maintenance of the process plant. The exposure risk is increased due to
the direct contact with agglomerated or aggregated nanoparticle
residues in the breathing zone (<1 m) of employees. A consideration of diﬀerent PPE (filter mask or full-face powered air respirator) did not alter the outcome. Scenario C takes into account
the formulation and packaging step, comprising a sterile filling
of the nanoparticles into an aqueous medium and the packaging of the final medical product. A low exposure risk was determined for this process step. During storage and transport
(Scenario D), the exposure potential remained low, since there
is again no direct contact of employees with the nanomaterials.
Overall, the potential nano-specific risks of SiliFe and
γ-Fe2O3 nanoparticles were found to be low (Table 6). A confined process plant and standard safety measures during manufacturing, formulation and packaging (filter masks, ventilation)
seemed suﬃcient to ensure occupational safety. Only working
tasks requiring a direct contact with the nanopowder (or residues) should be given high attention and adequate control.

Discussion
Potential environmental impacts, elemental purity and occupational safety of spherical, oxidic nanoparticles produced by

Table 6 Occupational risk assessment of γ-Fe2O3 and SiliFe nanoparticles. Hazard potential was determined by distinguishing between hazard
groups A–E (A = no risk, B = slight hazard, C = moderate hazard, D = serious hazard, E = severe hazard) according to ISO/TG 12901-2 (PPE = personal protective equipment)

Hazard group
Scenario

Comment

γ-Fe2O3

SiliFe

Exposure
potential

Risk
score

A
B
C

Production process for nanoparticles
Maintenance of the process plant
Manufacturing process of the final product

(Co)LAVA or FSP
No risk reduction by diﬀerent PPEa
No separate filling system, use of diﬀerent PPE
Separate filling system, glove box and use of diﬀerent PPE

D

Transport of the packaged product

A
A
A
A
A

A
A
A
A
A

Low
Average
Low
Low
Low

Low
Low
Low
Low
Low

a

Personal protective equipment.
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CoLAVA or LAVA were investigated at an early stage of process
design in order to provide essential information and insights
before a decision is made, whether the technology is suited for
an eﬃcient, environmentally benign and safe industrial production of nanoparticles for medical and pharmaceutical
purposes.
The physicochemical characterisation (Table 4) of the magnetic nanoparticles confirmed the material properties required
for the application of the nanoparticles as a T2 contrast agent
in MRI diagnostics.19 Ferromagnetic nanoparticles such as
γ-Fe2O3 characterised by a particle size above 20 nm are under
investigation for highly sensitive MRI diagnostics, e.g. in the
case of pancreas transplantation during the treatment of diabetes mellitus,50 whereas superparamagnetic nanoparticles
characterised by iron oxide domains with sizes between
4–20 nm such as SiliFe have been suggested for MRI diagnostics of liver carcinoma.51 Thus, both types are in general suited
for the envisaged application.
Based on the literature data, the toxicological and biological
hazard potential of both SiliFe and γ-Fe2O3 nanoparticles has
been classified as low, as long as the shell remains intact
(Table 6). More detailed toxicological investigations (including
in vitro hemocompatibility and cytotoxicity and in vivo longterm eﬀects in mice) are ongoing and will be considered from
the next step of the decision process, but the comparability
with biocompatible materials described in the literature
suggests a high likeliness of biocompatibility of the new products as well. Also the requirements concerning the elemental
purity of pharmaceutical products26 can be fulfilled by both
nanomaterials (Table 5).
The results of the LCIA pointed out that at the current level
of technological readiness, the high energy demand of the
laser system may cause comparably high environmental
impacts, if transferred to the industrial scale without further
process optimisation (Fig. 6 and 8A). However, several process
optimisation measures could be easily applied, resulting in a
reduction of environmental impact potential such as the GWP
of up to 64% (Fig. 6). Due to the higher benefit (magnetic properties) per potential environmental impact ratio, γ-Fe2O3
nanoparticles produced by LAVA and post-process coated with
an organic shell have been found to be more promising for the
envisaged application than core–shell SiliFe nanoparticles
directly produced by CoLAVA. In the case of γ-Fe2O3 nanoparticles produced by LAVA, an optimised industrial production setup could potentially save significant environmental
impacts per FU in all impact categories considered in the
evaluation, when compared to the reference wet chemical synthesis of Gadovist®.
Comparing LAVA and FSP production of the same type of
oxidic nanoparticle and after post-process organic coating
gives a more balanced result. One benefit of FSP compared
to LAVA is the lower energy demand20 and the corresponding GWP at a comparable production rate. In contrast,
the use of solvents and fuel gases causes extra emissions in
the case of FSP, which do not occur in the case of LAVA, and
results in higher AP and EP. Both technologies are likely

This journal is © The Royal Society of Chemistry 2020
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further optimised during scale-up and industrial implementation and should be compared again at a later stage in
order to potentially solve the current indiﬀerence of the
LCIA results.
In terms of occupational safety, the requirements for both
process alternatives are similar. There are comparable process
specific risks in laser light (Co)LAVA or of open flames (FSP)
resulting in comparable safety precautions (ESI, Fig. 4†). In
comparison with the synthesis of Gadovist®, occupational
safety requirements for the handling of chemicals seem to be
lower for both gas phase synthetic routes, since no or less (isopropanol in the case of FSP) solvents or harmful educts are
used. The multi-step Gadovist® synthesis instead requires
heavy metal catalysts and harmful organic solvents, e.g. DMF
and toluene in the upstream chemical manufacturing (Fig. 6).
Nano-specific risks, evaluated for (Co)LAVA and FSP, were
classified as low, if the system is confined (Table 6), as e.g.
described by Wegner et al.35
Wegner35 furthermore reported low FSP production costs of
less than 100 EUR kg−1 for simple oxides with raw materials
being the highest cost factor. Although a comparative life cycle
costing analysis still has to be performed, the diﬀerence in the
market price of more than 75% in the case of the commercial
preparations Endorem® and Gadovist® clearly suggests that
oxidic nanoparticles can be competitively viable in medical
applications such as contrast agents in MRI.

Conclusion and outlook
Although the production of nanomaterials at the industrial
scale is still not common, a growing number of products are
making use of the specific material properties of nanoparticles.3 Among the most mature gas-phase synthesis techniques for the industrial manufacturing of oxidic nanoparticles are (Co)LAVA and FSP. They allow a controlled production of spherical nanoparticles of high purity and with
narrow size distribution, a prerequisite for medical and
pharmaceutical applications.
By means of this study we could show that a holistic
environmental impact and safety assessment of new nanotechnologies such as Co(LAVA) and FSP, which are under continuous development and optimisation, is possible and provides helpful insights for informed decision-making prior to
further scale-up and industrial implementation. The comparative study points out hot-spots for further eﬃcient improvement of the process and the products alike, but confirms
already the future potential for environmental savings in the
case of industrial production of a nanoenabled diagnostic
product compared to the state of the art. Furthermore, it gives
substantiation to the assumption that occupational safety
requirements during production can be met. The resulting
products containing SiliFe or γ-Fe2O3 are suited for an application as T2 contrast agents in MRI diagnostics and can fulfil
elemental purity requirements according to the ICH-Q3D
guideline.
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environmental risks (e.g. bioaccumulation and ecotoxicity)
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