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ABSTRACT
Successful implementation of Safe and Sustainable by Design (SSbD) and grouping approaches 
requires simple, reliable, and cost-effective assays to facilitate hazard screening at early stages of 
product development. Especially for nanomaterials (NMs), which exist in many different forms, 
efficient hazard screening is of utmost importance. Oxidative potential (OP), which is the ability 
of a substance to induce reactive oxygen species (ROS), is an important indicator of the potential 
to induce oxidative damage and oxidative stress. A frequently used assay to measure OP of NMs 
is the ferric reducing ability of serum (FRAS) assay. Although the widely used cuvette-based FRAS 
protocol is considered a robust assay, its low throughput makes the screening of multiple 
materials challenging. Here, we adapt the original cuvette-based FRAS assay protocol, into a 
96-well format and thereby improve its user-friendliness, simplicity, and screening capacity. The 
adapted protocol allows for the screening of multiple NMs per plate, and multiple plates per day, 
where the original protocol allows for the screening of one NM dose-range per day. When 
comparing the two protocols, the adapted protocol showed slightly decreased assay precision as 
compared to the original protocol. The results obtained with the adapted protocol were compared 
using eight reference NMs in an interlaboratory study and showed acceptably low intra- and 
interlaboratory variation. We conclude that the adapted FRAS assay protocol is suitable to be 
used for hazard screening to facilitate SSbD and grouping approaches.

Introduction

The number and variety of nanomaterials (NMs) on 
the market is increasing through the manipulation 
of parameters such as size, shape, or the application 
of coatings. The large amount and quick develop-
ment of new NMs requires rapid pre-market hazard 
screening at the early stages of product innovation. 
This together with the goals outlined in the 
European Green Deal and Chemicals Strategy for 
Sustainability (CSS) regarding a toxic-free environ-
ment and reducing harmful substances (EC 2019, 
EC 2020), has created a need for novel approaches 
such as Safe and Sustainable by Design (SSbD), 

grouping, and read-across, which facilitate efficient 
risk assessment and flagging of potentially harmful 
NMs. These approaches in many cases rely on simple 
in vitro screening assays (Braakhuis et  al. 2021, 
Ruijter et  al. 2023). For NMs specifically, such testing 
methods need additional optimizations to overcome 
interferences and other material behaviors that com-
plicate testing (Guadagnini et  al. 2015, Gulumian 
and Cassee 2021).

The induction of oxidative stress (OS) is a widely 
accepted mechanism of action upon exposure to 
NMs, which is associated with adverse outcomes 
such as inflammation and oxidative damage to e.g. 
DNA (Nel et  al. 2006, Ayres et  al. 2008, Møller et  al. 
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2010, Møller et  al. 2014, Song et  al. 2016). OS can 
be induced by the oxidative potential (OP) of a NM, 
which is described as the ability of a NM to form 
potentially toxic reactive oxygen species (ROS) such 
as superoxide (O2

−), singlet oxygen (1O2), and 
hydroxyl (•OH) radicals, or reactive nitrogen species 
(RNS) in their direct surroundings through redox 
reactions. OP and OS are part of many NM-specific 
hazard assessment strategies and grouping and 
read-across approaches due to their potential as 
predictors of toxicity (Arts et  al. 2015, Dekkers et  al. 
2020, Braakhuis et  al. 2021, Di Cristo et  al. 2021, 
Janer, Landsiedel, and Wohlleben 2021).

In vitro acellular assays to determine OP and cel-
lular assays to predict possible OS and oxidative 
damage have extensively been reviewed previously 
(Ayres et al. 2008, Hellack et al. 2017). Acellular assays 
purely measure the physicochemical property OP, 
whereas cellular assays account for the fact that cells 
can resolve ROS and for the fact that OS can be 
induced through other pathways besides OP (Hellack 
et  al. 2017). Acellular assays are typically based on 
the detection of consumption or oxidation of chem-
ical reagents with ROS affinity (e.g. dithiothreitol 
(DTT) and ascorbic acid), fluorescent probes (e.g. 
dichloro-dihydro-fluorescein (DCFH) assay, see Boyles 
et  al. (2022) for nano-specific protocol), spin traps 
(electron paramagnetic resonance (EPR), see ISO 
(2017) for nano-specific protocol), or interaction with 
biomolecules (e.g. lipid peroxidation). In general, cel-
lular assays for OS show a higher prediction accuracy 
for in vivo adverse outcomes as compared to acellular 
OP assays, and a combination of both was shown to 
perform even better (Riebeling et  al. 2016, Hellack 
et al. 2017, Bahl et al. 2020). For NM hazard screening 
purposes for an SSbD approach, acellular OP assays 
may serve as a good starting point, especially when 
used in a high-throughput screening format. In this 
paper, we optimize the acellular  ferric (Fe3+) reducing 
ability of serum (FRAS) assay for improved 
user-friendliness and high-throughput screening.

The FRAS method was originally developed to mea-
sure the ferric reducing ability of blood plasma (FRAP) 
of clinical samples in order to map anti-oxidative 
defenses in patients with different pathological states 
(Benzie and Strain 1996). The FRAP assay principle was 
then adapted by Rogers et  al. (2008) to detect the 
residual antioxidant capacity of human blood serum 
(HBS) after incubation with NMs. Serum was used 
instead of plasma to avoid interference of coagulants, 
and the assay is now called the ferric reducing ability 
of serum (FRAS) assay. Further alterations were made 
for testing NMs specifically by optimizing incubations 

times of NMs in HBS, NM mass concentrations, and 
centrifugation steps to remove NMs after incubation 
with HBS (Rogers et  al. 2008). A first detailed and 
optimized standard operating procedure (SOP) was 
published by Gandon et  al. (2017) and has been 
widely used since (Bahl et al. 2020, Achawi et al. 2021, 
Ag Seleci et al. 2022). In the Gandon et al. (2017) SOP, 
optimized incubation times, centrifugation steps and 
HBS-reagent ratios are used.

The FRAS assay is generally regarded as an accu-
rate assay, with good reproducibility between runs 
(Rogers et  al. 2008, Gandon et  al. 2017). The assay 
is especially useful for screening ofpotential hazards 
in the context of SSbD because it can provide a more 
generic image of OP, as a cocktail of anti-oxidants 
are present in HBS, of which ascorbic acid and uric 
acid are most abundant (Benzie and Strain 1996). 
The FRAS assay has been shown to be better capable 
of predicting in vitro cellular OS as compared to the 
acellular DCFH assay, and was sensitive enough to 
distinguish the OP between different types of carbon 
nanotubes (CNTs) (Pal et  al. 2014). Additionally, the 
FRAS assay outperformed EPR in predicting in vivo 
adverse outcomes from short term inhalation studies 
(STIS) in which a range of histopathological and bron-
choalveolar lavage fluid (BALF) markers were assessed 
(Bahl et  al. 2020). In the latter study the prediction 
accuracy of the FRAS assay was determined to be 
50%, which is acceptable given the fact that not all 
adverse outcomes are due to ROS formation, and 
that not all ROS formation leads to adverse outcomes 
(Bahl et  al. 2020). Altogether, the FRAS assay is a 
useful tool in pre-market hazard screening, and has 
often been a suggested assay in testing strategies 
for SSbD and grouping approaches (Arts et  al. 2015, 
Dekkers et  al. 2016, Braakhuis et  al. 2021, Janer, 
Landsiedel, and Wohlleben 2021). However, the latest 
and most frequently used SOP of the FRAS assay as 
described in Gandon et al. (2017) has a relatively low 
throughput due to the requirement of glassware 
material and disposables, quartz cuvettes, and in 
general time-consuming procedures allowing to test 
only one NM dose-range per day.

Therefore, in this research the original cuvette- 
based SOP was adapted for high-throughput testing, 
maintaining its advantages as described above. The 
main changes that were made to the protocol were 
allowing the use of plastic disposables and the use 
of 96-well plates instead of quartz cuvettes for incu-
bations and absorbance measurements, allowing for 
the testing of multiple NMs per plate and multiple 
plates per day. Assay robustness of the adapted 
protocol was assessed based on interlaboratory 
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comparisons of assay outcomes, and assay repeat-
ability/precision was assessed based on intra- 
laboratory comparisons (Pedersen and Fant 2018). 
Intra- and interlaboratory reproducibility are 
expressed as coefficients of variation (CV), for which 
no guidelines exist. In literature, a threshold of 30% 
was used in an OECD validation study using zebraf-
ish (Busquet et  al. 2014), and in an interlaboratory 
study using cells (Piret et  al. 2017). Since the FRAS 
assay does not involve cells or organisms, reproduc-
ibility was considered adequate when the coefficient 
of variation (CV) was below 20% in this study.

Methods

Experimental design

First, the original protocol (Gandon et  al. 2017) was 
adapted to increase its throughput and user- 
friendliness. The newly introduced aspects such as 
the use of plastic disposables and the use of 96-well 
plates were verified in several experiments. Then, 
three laboratories (reference lab, lab 2 and lab 3) 
collaborated to compare the original and the 
adapted protocol to each other using dose-ranges 
of five NMs. Then, three laboratories (labs 1, 2, and 
3) carried out an interlaboratory evaluation using 
eight NMs, tested at one surface area-based dose 
(1 m2/L) and a mass-based dose range (0-40 mg/mL). 

NMs, HBS and reagents were not distributed 
between laboratories, and each laboratory used 
their own stock and equipment or ordered their 
own supplies. Weighing procedures (e.g. the use of 
a glove box or electrostatic charges neutralizer) 
were not harmonized. The SOP was distributed to 
the 3 laboratories, but no common training was 
provided to the people performing the assay. The 
participating laboratories were research laboratories 
and not ISO/CEN certified.

Nanomaterials

The NMs that were used are listed in Table 1.

Chemicals

The chemicals and reagents that were used are 
listed in (Table 2).

Equipment

The equipment used in the laboratories participating 
in the interlaboratory study are listed in (Table 3). The 
laboratory that produced the original protocol 
(Gandon et  al. 2017) provided data for the compar-
ison of the original to adapted protocol, but did 
not participate in the interlaboratory study of the 

Table 1.  Nanomaterials used in this paper.
NM core 
composition Supplier/Distributor Product/NM number

Primary particle size 
(nm)

BET surface 
area (m2/g) Reference for BET

CuO PlasmaChem YF131107 24 34 (Bahl et  al. 2020)
CuO Sigma Aldrich 544868 50 29 Sigma Aldrich
Ag Sigma Aldrich 576832 <100 5 Sigma Aldrich
Ag HeiQ RAS GmbH 5404/NM300K <20 38.1 JRC repository
Mn2O3 Skyspring 4910DX 36 20 (Ag Seleci et  al. 2022)
Mn2O3 Sigma Aldrich 463701 Unknown (non-nano) Unknown
SiO2 JRC Nanomaterials Repository, 

Ispra, Italy
NM-203 73.61 203.92 JRC repository

BaSO4 JRC Nanomaterials Repository, 
Ispra, Italy

BaSO4-NM220-JRCNM50001 31.5 33 PATROLS D1.1

TiO2 JRC Nanomaterials Repository, 
Ispra, Italy

NM105-JRCNM01005a 15-24 46 JRC repository

ZnO JRC Nanomaterials Repository, 
Ispra, Italy

NM-110 42 12 (Bahl et  al. 2020)

Table 2. C hemicals used in this paper.
Reagent/chemical name Supplier Product number CAS number

Sodium acetate trihydrate BioUltra, ≥99.5% Sigma Aldrich 71188 6131-90-4
Acetic acid, glacial, ACS, 99.7+% Alfa Aesar 36289.AP 64-19-7
2,4,6-Tris(2-pyridyl)-s-triazine for spectrophotometric det. (of Fe), ≥98% Supelco T1253 3682-35-7
Iron (III) chloride hexahydrate puriss. p.a., ACS reagent, crystallized, 98.0-102% (RT) Sigma Aldrich 44944 10025-77-1
Human Serum from platelet poor human plasma, sterile-filtered (mycoplasma tested, 

virus tested)
Sigma Aldrich P2918-100ml NA

(±)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox) Sigma Aldrich 238813-5G 53188-07-1
1 M Hydrochloric acid (HCl) Riedel-De Haen* 7647-01-0 7647-01-0
*If the lab had a preexisting stock of HCl, this was used.
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adapted protocol. This laboratory is referred to as 
Reference Lab throughout the manuscript.

Original Cuvette-based FRAS protocol

In the FRAS assay, the decrease of antioxidants in 
HBS after exposure to NMs is quantified. The exact 
SOP as published in Gandon et  al. (2017) was fol-
lowed. In short, NMs were weighed in glass vials 
(0, 1.13, 3, 8.25, 22.5, and 60 mg), after which exactly 
1.5 mg HBS was weighed to the same vials to 
achieve concentrations 0, 0.75, 2, 5.5, 15, and 40 mg/
mL. The vials were sonicated for 1 min using bath 
sonication with maximum power at room tempera-
ture and incubated for 3h at 37 °C whilst stirring. 
The mixture was centrifuged 2.5h at 14000 x g to 
remove NMs, after which 100 µl of supernatant was 
transferred to clean glass vials containing 2 grams 
of FRAS reagent consisting of ferric ions (Fe+3) and 
4,6-tripyridyl-s-triazine (TPTZ) in acetate buffer. The 
remaining antioxidants in the HBS reduce Fe3+ to 
Fe2+ forming a Fe+2–TPTZ complex with a bright 
blue color. The mixtures were incubated for exactly 
1h in the dark whilst shaking. The antioxidant capac-
ity of HBS was then determined by transferring the 
mixtures to quartz cuvettes and measuring absor-
bance at 593 nm using a spectrophotometer. Only 
glass materials and disposables were used. All pipet-
ting steps were carried out using transferpettor 
pipettes with glass capillary tips. For an overview 
of the SOP, see Figure 1.

Original Cuvette-based protocol with plastic 
disposables

As a first optimization step the original FRAS pro-
tocol published in Gandon et al. (2017) was adapted 
for the use of plasticware material instead of glass-
ware. The critical HBS-NM incubation step was still 
carried out in glass vials; however, the vials were 
agitated during incubation instead of stirred to 
improve assay accessibility and throughput. Briefly, 
NMs were weighed in glass vials (0, 1.13, 3, 8.25, 
22.5, and 60 mg), after which ±1.5 mL of HBS was 
added using a micropipette and plastic tips, instead 
of weighing, to achieve the exact concentrations 0, 

0.75, 2, 5.5, 15, and 40 mg/mL. Samples were soni-
cated in an ultrasonicator bath for 1 min with max-
imum power at room temperature and incubated 
for 3h in the dark at 37 °C with agitation at 150 rpm. 
Afterwards, samples were transferred to plastic ultra-
centrifuge tubes using plastic pipette tips and cen-
trifugated using an ultracentrifuge for 2.5h at 14000 
x g. FRAS reagents and the Trolox standard curve 
were prepared following the original protocol. 2 mL 
of FRAS reagent was added to small glass vials 
using a micropipette and plastic tips, instead of 
weighing. 100 µL of the sample supernatant (or 
Trolox standard) was added to the vials containing 
the FRAS reagent, using a plastic tip, and incubated 
for 1h in the dark with agitation. Samples were 
transferred to plastic cuvettes with a plastic micro-
pipette tip, and absorbance was measured at 593 nm.

Adapted 96-well FRAS protocol

To adjust the FRAS assay for high-throughput 
screening, several adaptations were made to the 
original (Gandon et  al. 2017) cuvette-based SOP. 
Only those aspects that were necessary to increase 
throughput and ease of use of the assay were 
adapted. NM doses, incubation times, relative cen-
trifugal force (RCF), centrifugation times, and HBS/
FRAS reagent ratios etc. were all unchanged. 
Changes made include:

•	 The use of 96-well plates instead of quartz 
cuvettes for read-outs. FRAS reagent incuba-
tions are also carried out in the same 96-well 
plates.

•	 The use of shaking instead of stirring for the 
NM-serum incubations. Since the throughput 
of the assay is increased, many magnetic stir-
ring beads would otherwise be required.

•	 Use of micropipettes for pipetting all vol-
umes, instead of weighing them.

•	 Allowing use of plastic equipment and dis-
posables instead of all-glass equipment.  
This also includes the use of plastic pipette 
tips, no longer necessitating transferpettors 
with glass capillary tips. The use of plastic 
disposables greatly increases the accessibility 

Table 3.  Equipment used in the laboratories participating in this study.
Laboratory name Ultrasonication bath Spectrophotometer HBS Microbalance

Lab 1 Selecta ULTRASONS-H SYNERGY – BioTek Sigma P2918 Mettler Toledo Excellence, XS205DU
Lab 2 Elmasonic S100 Spectramax M2 Sigma P2918 Sartorius MSE 125 P-1000D1
Lab 3 VWR USC-T Ultrasonic bath Tecan Infinite M Plex Sigma P2918 SLS Lab Pro SR-150AZ
Reference Lab Bandelin Sonorex Digiplus DL 156 BH PerkinElmer Lambda 35 Sigma P2918 Mettler Toledo XPE 205
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and feasibility of this assay. The HBS-NM incu-
bation step is however still carried out in 
glass vials.

•	 The use of CuO NMs (Sigma) as a positive 
control instead of Mn2O3 NMs, as the Mn2O3 
(4910DX) that was used in the original 

Figure 1. A  side-by-side comparison between the original and the adapted FRAS assay protocols. The original Cuvette-based 
assay allows for testing of one dose-range per day. The adapted 96-well plate-based assay allows for the testing of four dose-ranges 
per 96-well plate, and multiple 96-well plates per day.
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protocol is no longer available at Skyspring. 
The CuO NMs were previously shown to have 
a high OP (Bahl et  al. 2020).

•	 A slightly larger Trolox standard curve to 
accommodate the new assay format.

The adapted SOP can be found in Supplemental 
Materials 1. An overview of the adapted SOP and 
a comparison to the original SOP are shown in 
Figure 1.

Data analysis

Calculations were performed as in Gandon et  al. 
(2017) and are described in more detail below.

Trolox equivalent units
The Trolox (Water soluble vitamin E analogue) stan-
dard curve is used to calculate Trolox Equivalent 
Units (TEU, in µM), which allows for the standard-
ization of results compared to a known amount of 
antioxidants. TEU is calculated using the slope of 
the trolox standard curve. The standard curve can 
be fitted as: AbsTrolox = kE * l * d * CTrolox [mM] + 
b. Where:

•	 Abs = absorption at wavelength 593 nm.
•	 kE = extinction coefficient of the Fe2+/TPTZ 

complex induced by 1 mol of antioxidants 
(TEU, in µM).

•	 l = light path through cuvette/well in cm. For 
a well this is the height of the liquid in the 
well.

•	 d = dilution factor. In our case 0.0476 (0.1 mL 
of HBS and 2 mL FRAS reagent).

•	 c = concentration of Trolox in mM.
•	 b = intersection of the standard curve with 

the y-axis.kE * l * d is equivalent to the slope 
of the standard curve, meaning that TEU can 
be calculated as follows:

	 TEU M
Abs

Slope

sample

standard curve

µ( ) = ∗ 1000

Multiplying by 1000 allows for the conversion of 
the Trolox concentration in mM to TEU which is 
expressed in µM.

It would be more accurate to calculate TEU based 
on the slope as well as the intersect of the Trolox 
standard curve. But previous papers have only used 
the slope, and not the intersect. Therefore, to be 
able to compare data, this approach was also 

followed in this current paper. Additionally, when 
calculating the BOD in the next step, the subtraction 
of the intersect is canceled out by subtracting the 
two TEU values.

Biological oxidative damage
Biological oxidative damage (BOD) uses the TEU of 
the blank sample (unexposed HBS with FRAS 
reagent) to indicate the increase in oxidative dam-
age to the HBS sample due to the NM incubation. 
The BOD is calculated as follows:

	 BOD MTEU TEU TEUblank sampleµ( ) = −

Or similarly as:

	 BOD MTEU
Abs Abs

Slope

blank sample

standard curve

µ( ) =
−

∗ 1000

Mass specific biological oxidative damage
Mass specific BOD values (mBOD) are calculated as 
follows:

	 mBOD nmolTEU mg
BOD MTEU

Concentration g L
/

/
( ) = ( )

( )
µ

Surface specific biological oxidative damage
Surface specific BOD values (sBOD) are calculated 
as follows:

	 sBOD nmolTEU m
BOD MTEU

Dose m L
/

/

2

2
( ) = ( )

( )
µ

Where:

Dose m L Concentration g L BET m g2 2
1000/ / / /( ) = ( ) ( )∗

BET = BET surface of nanomaterial as obtained by 
Brunauer-Emmett-Teller method.

Coefficient of variation
To assess assay precision and repeatability, the coef-
ficient of variation (CV) was calculated as follows:

	 CV
Standarddeviation

Mean
%( ) = ×100

For this calculation, TEU values at wavelength 
593 nm were used so that the variation in slope of 
the standard curve is also included. BOD values 
could not be used as they cannot be calculated for 

https://doi.org/10.1080/17435390.2024.2438116
https://doi.org/10.1080/17435390.2024.2438116
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HBS-only conditions. Independent experiment out-
comes (biological replicates) and not technical rep-
licates were used for calculating CV. Presented CVs 
are therefore always between-run CVs.

Limit of detection
Limit of detection (LOD) is calculated as follows:

	 LOD TEU M
SDof TEUof HBScontrol

Slopeof the standard curv
µ( )( ) = 3 3. ∗

ee

Statistical analysis
Each individual experiment was carried out three 
times in each laboratory, each experiment contain-
ing three technical replicates (wells or cuvettes) 
originating from the same NM-exposed HBS vial. 
Averages of each biological replicate were analyzed 
by one-way ANOVA, followed by Tukey’s multiple 
comparisons test, using GraphPad Prism version 
9.5.1., unless otherwise specified.

Results

Verification of adaptations

To create the adapted (96-well plate-based) proto-
col, the changes as described in the methods sec-
tions were made to the original (cuvette-based) 
Gandon et  al. (2017) protocol. Below, the compari-
son of using plastic consumables versus glassware 
and the use of 96-well plates versus cuvettes are 
shown in more detail before comparing the fully 
adapted protocol to the original protocol.

The use of plastic consumables instead of 
glassware
The original SOP specifically states to only use 
glassware (including pipette tips, incubation tubes, 
and cuvettes) to avoid potential interferences with 
plastic materials. The advantages of allowing the 
use of plastic disposables are: i) the centrifugation 
step can be carried out in a table-top centrifuge 
using plastic Eppendorf tubes, and ii) regular 
pipettes with plastic tips instead of transferpettor 
pipettes with glass capillary tips can be used. 
Allowing the use of plastics therefore makes the 
adapted protocol accessible to more laboratories. 
Four NMs were tested following the original pro-
tocol but using plastic disposables instead of glass, 
and no differences in BOD were observed when 
comparing to the glass-only original protocol 
(Figure 2).

The use of 96-well plates instead of cuvettes for 
incubations and spectrophotometric readout
Changing from a cuvette- to a 96 well-based format 
required a 10-fold reduction in reaction mixture 
volume. It was confirmed that the HBS to FRAS 
reagent ratio that was used in the original protocol 
was still appropriate in the new format for both the 
standard curve as well as for a positive control by 
testing a range of ratio’s (Figure S1). The linear 
range of the standard curve was determined as well 
and was found to be larger than the linear range 
of the cuvette-based protocol (0.001-0.5 mg/mL 
Trolox vs 0.001-0.1 mg/mL Trolox for the original 
protocol, shown in Figures S2 and S3).

Comparison between original and adapted 
protocol

A direct comparison between the original and the 
adapted protocol within the same laboratory (lab 
2) using positive control CuO NMs (Sigma) is shown 
in Figure 3. Each line represents one independent 
experiment of each protocol. TEU values are similar 
using both protocols (Figure 3B), but because the 
baseline TEU of HBS is higher in the adapted as 
compared to the original protocol, the resulting 
BODs of the two protocols do not align (average 
2.2 fold higher in adapted protocol as compared to 
original at the 5.5, 15, and 40 mg/mL doses) (Figure 
3C). Table 4 shows intra-laboratory CVs using TEU 
values, as absorbance values do not take into 
account the variation in the slope of the standard 
curve and BOD values require subtraction of HBS 

Figure 2. C omparison between the original FRAS protocol 
using glassware and the original protocol using plasticware in 
lab 1. BOD values of NMs using the glass protocol (blue) vs 
the plastic protocol (red). Data was analyzed using a t-test, 
and results show no significant differences between the two 
protocols.

https://doi.org/10.1080/17435390.2024.2438116
https://doi.org/10.1080/17435390.2024.2438116
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TEU values and can therefore not be calculated for 
HBS-only conditions. TEU values are reproducible 
within the original as well as within the adapted 
protocol, with a better precision when following the 
original protocol (Table 4). The third run with the 
adapted protocol has an exceptionally high BOD 
throughout the dose-range (Figure 3B), which seems 
to have been caused by a slightly different slope 
of the Trolox standard curve. This is also reflected 
in CV values reported for the adapted protocol in 
Table 4.

The comparison between BOD values using the 
original and adapted protocol using four addi-
tional NMs in three different laboratories 

(including the reference lab) is shown in Figure 4. 
Corresponding absolute absorbance and TEU val-
ues from these experiments are shown in Figure 
S4. BOD values resulting from the original and 
adapted protocol follow the same trends, indicat-
ing that the assay sensitivity is not lost due to 
the adaptations for high throughput. BOD values 
are generally lower when using the original pro-
tocol, and fewer outliers are observed when using 
the original protocol.

The quality of the Trolox standard curve and the 
HBS-only condition are partially indicative of the 
assay’s performance. A visual comparison between 
the standard curves of the two protocols can be 
found in Figure S5. Table 5 shows relevant param-
eters of the two protocols when testing HBS alone 
and Trolox standard curves in lab 2 and in the ref-
erence lab. Linear correlation coefficients (R2) of 
both protocols are good (0.999 using both SOPs), 
and the linear range of the standard curve is 
improved in the adapted protocol, as described ear-
lier. The TEU of HBS (of the same batch) is compa-
rable enough between protocols (435.42 µM TEU in 
the original protocol and 466.10 µM TEU in the 
adapted protocol). The reference laboratory used a 

Figure 3. C omparison between the original Gandon et  al. (2017) and adapted (96-well plate-based) protocols for CuO (Sigma) 
NMs in lab 2. Each point represents the average of three technical replicates in one independent experiment, and therefore error 
bars are not shown. Results are expressed as:  Absorbance values at 593 nm (A);  Trolox equivalent Units (µM) (B); and biological 
oxidative damage (µM TEU) (C).

Table 4. I ntra-laboratory variability expressed as coefficients 
of variance (CV) based on TEU values in the two protocols 
when testing CuO (Sigma) NMs in lab 2.

CV using original 
protocol (%) (n = 3)

CV using adapted 
protocol (%) (n = 3)

HBS 4.95 18.27
0.75 mg/mL 6.40 18.11
2 mg/mL 6.01 19.34
5.5 mg/mL 4.90 16.27
15 mg/mL 9.39 10.06
40 mg/mL 10.65 16.03

n = number of independent experiments.

https://doi.org/10.1080/17435390.2024.2438116
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different batch of serum and can therefore not be 
compared in the TEU metrics. BOD metrics correct 
for differences in baseline serum antioxidant capac-
ity, which is why TEU values are not used to report 
FRAS assay results. Most standard deviations (SDs) 
are lower when using the original protocol, high-
lighting an enhanced precision when incubating 
and measuring absorbance following the original 
protocol. Additionally, SDs in the reference lab are 
lower as compared to lab 2 when using the original 
protocol, pointing to enhanced precision after 
extensive training and use of the protocol. As a 

result, the limit of detection (lowest TEU value accu-
rately detected) is lowest in the reference lab 
(13.68 µM TEU), slightly higher in lab 2 using the 
original protocol (24.17 µM TEU), and highest using 
the adapted protocol (74.73 µM TEU).

Interlaboratory comparison

The adapted protocol was evaluated in an inter-
laboratory study comprising of three independent 
laboratories using eight NMs. Biological oxidative 
damage measured using the adapted FRAS assay 

Figure 4. C omparison of the biological oxidative damage (BOD) values of four nanomaterials obtained with the original and 
adapted FRAS protocols. Results are expressed as BOD (µM TEU). Each line represents the average of three technical replicates in 
one independent experiment, and therefore error bars are not shown. Comparisons were not carried out within the same labo-
ratory due to practical considerations.

Table 5. C omparison of parameters of the standard curve and HBS-only measurements using the original and adapted protocols, 
carried out in lab 2 and in the reference lab.

Original protocol in reference lab 
(n = 6)

Original protocol in lab 2  
(n = 6)

Adapted protocol in lab 2  
(n = 6)

Average SD Average SD Average SD

Slope of standard curve (a) 2.654 0.040 2.168 0.079 1.166 0.049
Intersect of standard curve (b) 0.075 0.009 0.083 0.005 0.063 0.006
R2 of standard curve 0.999 0.001 0.999 0.002 0.999 0.001
Absorption HBS (593 nm) 0.970 0.024 0.943 0.017 0.583 0.032
TEU of HBS (µM) 364.68 11.00 435.42 15.88 466.10 26.42
Dilution factor (d) 0.048 0.048 0.048
Light path (l) (cm) 1.0 1.0 1.313
Extinction coefficient (kE) 55.76 0.50 45.52 1.66 20.02 0.78
Linear range of standard curve 0.001-0.1 mg/mL Trolox 0.001-0.1 mg/mL Trolox 0.001-0.5 mg/mL Trolox
Limit of Detection (TEU value) 13.68 24.17 74.73

n = number of independent experiments.
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in the different laboratories were compared at the 
surface-area adjusted dose of 1 m2/L. Figure 5 
shows good reproducibility of the adapted protocol 
across laboratories. CuO NMs (Sigma) showed a 
larger sBOD in lab 2 (364.1 ± 16.8 versus 274.8 ± 12.9 
and 257.6 ± 32.8 in labs 1 and 3 respectively), 
NM-105 showed a larger sBOD in lab 3 (112.0 ± 47.6 
versus 15.7 ± 16.1 and 12.0 ± 16.2 in labs 1 and 2 
respectively), and the sBOD induced by NM300K 
was also significantly different between lab 1 
(265.9 ± 59.8) and lab 3 (369.8 ± 4.6) (not tested in 
lab 2). Batch-to-batch differences may explain 
these deviations as particles were not distributed 
between laboratories and each participating labo-
ratory used or ordered their own NMs. All intra- 
and interlaboratory CVs are listed in Table S1. The 
average intra-laboratory CVs are 4.72 ± 2.34%, 
5.17 ± 1.75%, and 14.25 ± 8.55% in laboratory 1, 2, 
and 3, respectively. The average interlaboratory CV 
for all particles tested is 12.66 ± 4.48%, which is 
well below the 20% cutoff value.

Mass-based dose ranges were tested for four NMs 
(Figure 6), and significant differences were only 
found in high-dose NM-110 and low-dose CuO con-
ditions. The BODs are otherwise very similar between 
laboratories. The parameters related to the Trolox 
standard curve using the adapted protocol can be 
found in Table S2 and are similar across laboratories. 
Slopes, intersects, and R2 values are similar between 
laboratories, and are reproducible within laborato-
ries (low SD). The average slope between the three 

laboratories of the Trolox standard curve is 1.191 
(± 0.03). The TEU of HBS differs between laboratories 
and batches, which is due to natural batch-to-batch 
differences.

Discussion

Assay performance

To our knowledge, this is the first publication in 
which the FRAS assay is adapted for high-throughput 
screening, using 96-well plates instead of single 
quartz cuvettes. Using the adapted protocol, we 
obtained robust results with sufficiently low intra- 
and interlaboratory variability, with the majority of 
intra- and interlaboratory CVs below 20%. No major 
issues were expected, as this assay has been well 
thought-out and was optimized in several publica-
tions (Benzie and Strain 1996, Rogers et  al. 2008, 
Gandon et  al. 2017), of which the most notable one 
was Gandon et  al. (2017). None of the critical 
parameters, such as incubation times, relative cen-
trifugal force (RCF), centrifugation times, and HBS/
FRAS reagent ratios were changed. Only those 
parameters that facilitated high-throughput screen-
ing and overall easiness of the assay were adapted.

The three institutes participating in the interlab-
oratory evaluation of the adapted FRAS protocol 
did not receive any common training other than 
the SOP. The fact that each partner used their own 
stock of reagents, NMs, and HBS, and their own 
equipment (e.g. weighing and sonication devices), 
and yet very limited variation occurred, underlines 
the robustness and simplicity of the adapted FRAS 
assay protocol.

Standard curve and HBS-only conditions

In the interlaboratory comparison of the adapted 
protocol, slopes, intersects, and R2 were very con-
sistent within and between laboratories for Trolox. 
The standard curve resulting from the 96-well pro-
tocol was linear up to 0.5 mg/mL Trolox (0-2 mM 
Trolox) and showed excellent R2 coefficients in all 
three laboratories. The standard curve in the original 
protocol is linear until 0.1 mg/mL (Gandon et  al. 
2017), giving the adapted protocol a larger detec-
tion range, avoiding saturation of the signal at 
higher reactivity, which has previously been reported 
for the original protocol (Achawi et  al. 2021).

The average slope found in this current paper 
using the original protocol was 2.168 in lab 2, 
which is similar to the 1.9625 found in Achawi et  al. 

Figure 5. I nterlaboratory comparison of the adapted (96-well 
plate-based) FRAS assay protocol. Results are expressed as sur-
face based biological oxidative damage (sBOD), and doses 
used are 1 m2/L. Since the dose is 1 m2/L, the resulting sBOD 
values are the same as BOD values. Each laboratory carried 
out three independent experiments with each three technical 
replicates. Not all particles were tested in all laboratories due 
to practical reasons. * p < 0.05; ** p < 0.01 using one-way 
ANOVA. ns = not significant.

https://doi.org/10.1080/17435390.2024.2438116
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(2021) using the exact same protocol. The standard 
curve slope in the reference lab was 2.654, which 
is more or less comparable. Slopes of 4.18 have 
been reported in papers using other cuvette-based 
protocols, which are not comparable to ours (Rogers 
et  al. 2008, Hsieh et  al. 2013). Using the adapted 
protocol, the average slope between the three lab-
oratories was 1.191. The difference between the 
slopes resulting from the original and adapted pro-
tocol can be explained by detection method-related 
differences (cuvettes vs 96-well plates).

The extinction coefficient (kE) of TPTZ induced 
by 1 Mol Trolox that was found in this paper using 
the original protocol in lab 2 was 45.5, which is 
similar to the 55.76 found in the reference lab. 
However, using the adapted protocol this became 
20.02, which can be explained by the read-out 
method causing a smaller slope and longer pathway 
length, leading to a lower kE.

Interlaboratory differences in HBS TEU that were 
observed in this study can be explained by 

batch-to-batch differences in antioxidants, which is 
also reflected by HBS TEU in other publications: 
530 µM (Hsieh et  al. 2013), 366 µM (Gandon et  al. 
2017), and 526 µM (Rogers et  al. 2008). Reporting 
FRAS assay results as BOD corrects for batch-to-
batch differences in HBS antioxidants.

NM-treated conditions

Comparisons to literature were initially difficult for 
NM-treated conditions, as exact BOD, mBOD, sBOD 
or TEU values were scarcely reported. The authors 
of Gandon et  al. (2017), Bahl et  al. (2020), and Ag 
Seleci et  al. (2022) kindly provided the data used 
for their manuscripts, which were included in the 
current paper as ‘Reference Lab.’

Absorbance values of NM-treated HBS are not 
comparable between the original and the adapted 
protocol due the use of cuvettes vs 96-well plates, 
which is corrected for when converting absorbance 
to TEU values. Higher TEU values of HBS alone in 

Figure 6. I nterlaboratory comparison of mass-based dose-ranges of three different NMs across three laboratories. Results are 
expressed as biological oxidative damage (BOD). Each laboratory carried out three independent experiments with each three 
technical replicates. Not all particles were tested in all laboratories due to practical reasons. * p < 0.05; ** p < 0.01 using one-way 
ANOVA.
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the adapted protocol result in higher BOD values 
for NM-treated conditions. The 2.2-fold difference in 
BOD between the two protocols indicates that 
results can probably not be compared between the 
two protocols. This means results obtained using the 
adapted protocol cannot be benchmarked against 
BODs obtained with the original protocol in the past. 
Calculating relative potency factors by comparing to 
the positive control BOD value, as performed Di 
Battista et  al. (2024b) might solve this problem.

Gandon et  al. (2017) reported a difference in 
assay outcome when using glass capillary pipette 
tips versus plastic tips, likely due to the sticking of 
assay components and NMs to the plastic. Here we 
show no influence of the use of plastic consumables 
on assay outcomes. These outcomes are based on 
only four NMs and should ideally be confirmed 
using more materials. The critical HBS-NM incuba-
tion step is still carried out in glass vials in the 
adapted protocol, and therefore we expected little 
to no effect of allowing the use of plastic dispos-
ables in the other steps.

Future optimizations

Several aspects of the assay may be worth investi-
gating and optimizing further. Firstly, it may be worth 
exploring shorter incubation and centrifugation steps 
to reduce the overall assay duration, while avoiding 
the potential trade off in sensitivity (by shorter incu-
bation) and robustness (by optical interference of 
remaining NMs after shorter centrifugation). Both 
protocols (original and adapted) take approximately 
8 hours as the limiting factors are the incubation and 
centrifugation steps. Shorter incubations of NMs with 
HBS and shorter centrifugation times have been 
implemented successfully before (Benzie and Strain 
1996, Hsieh et  al. 2013), but require further verifica-
tion. Centrifugation times required for NMs can be 
calculated based on centrifugation speed, NM density 
and HBS density, but should be kept constant 
between NMs to allow for accurate comparison. 
Secondly, maximum storage times for the S1, S2, and 
S3 components of the FRAS reagent, and the Trolox 
solution should be determined, as making them 
freshly every single day can be time-consuming. 
Thirdly, reducing HBS volumes used in the assay from 
1.5 mL to 1.0 mL will help reduce the amount of NM 
needed, which can be a limiting factor. Assay per-
formance using reduced HBS volumes, keeping the 
same doses in mg/mL, should be explored further 
also due to the high cost of HBS. Finally, the assays 
throughput may be further increased. The adapted 

protocol allows analyzing four NM dose-ranges per 
plate and multiple plates per day, depending on the 
available centrifuge slots available in the laboratory. 
Through the use of in-plate NM-HBS incubations and 
centrifugation steps the throughput of the adapted 
protocol could be further increased. None of the 
steps in the SOP are too complicated to be per-
formed by laboratory robots, and the use of 384-well 
plates may also be explored. This assay has the 
potential for fully automated high throughput screen-
ing in an industrial setting, although ethical consid-
erations regarding the use of large amounts of HBS 
should be reflected upon.

Problematic materials and interferences

The extensive centrifugation step included in both 
SOPs ensures thorough separation of NMs from the 
HBS before incubating the HBS with FRAS reagent. 
Optical interference by the NMs themselves, or 
interference by NMs reacting with the FRAS reagent 
are therefore highly unlikely. However, some NMs 
may cause a discoloration of the HBS, as was seen 
in the current study for CuO NMs, and by Ag Seleci 
et  al. (2022) for NM pigments. When the FRAS assay 
is applied to NMs of extremely low density, the 
currently applied centrifugal forces may not be suf-
ficient for total separation of NMs and HBS. A fil-
tration step may be added to the SOP to ensure 
complete separation, as was performed for 
graphene-based materials in Achawi et  al. (2021).

In an acellular assay such as the FRAS assay, OP 
is measured as a rate of depletion of a reductor (in 
this case HBS antioxidants). OP assays do not mea-
sure reductor depletion by OP only since release of 
reactive ions by dissolution will also lead to a deple-
tion. To assess the contribution of ions released from 
the NM to the reduction of HBS antioxidants in the 
FRAS assay, we recommend to follow the protocol 
by Peijnenburg et  al. (2020). As the current study 
was focussed on interlaboratory comparisons of the 
adapted FRAS assay protocol, this was not performed.

The FRAS assay within an SSbD approach

Owing to its robustness and simplicity, the FRAS 
assay has the potential to be applied in an SSbD 
approach in several ways. Firstly, the FRAS assay 
can be used to flag NMs of high concern in a haz-
ard testing strategy for SSbD purposes, as is the 
approach of the SAbyNA guidance platform 
(Cazzagon et al., in preparation). Secondly, the FRAS 
assay is a valuable tool to assess OP in order to 
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justify grouping of sets of nanoforms (NFs) and 
read-across, as is the approach in the GRACIOUS 
integrated approaches to testing and assessment 
(IATA) for grouping purposes (Stone et  al. 2020, 
Braakhuis et  al. 2021), in the ECETOC NanoApp 
(Janer, Landsiedel, and Wohlleben 2021), and in the 
DF4NanoGrouping approach (Arts et  al. 2015). 
Janer, Landsiedel, and Wohlleben (2021) suggested 
the threshold for similarity of two NFs specifically 
for the FRAS assay to be ‘reactivity values within 
a factor of 5-fold for the two NFs under compari-
son.’ And Arts et  al. (2015) suggested the grouping 
of NFs as passive when reactivity was <10% of 
Mn2O3 reactivity in the FRAS assay, and as active 
when reactivity was ≥10% of Mn2O3 reactivity in 
the FRAS assay. In the GRACIOUS framework NFs 
are not grouped as passive or active but rather 
assessed for similarity based on NF potency in a 
dose-response approach (Braakhuis et  al. 2021). 
Thirdly, the FRAS assay may help making SSbD 
choices by performing direct comparisons between 
a NM and its SSbD alternative for the same intended 
use, between several SSbD candidates, or between 
an SSbD candidate and a data-rich benchmark 
material, as is the approach in the HARMLESS proj-
ect (Di Battista et  al. 2024a, Di Battista et  al. 2024b). 
For the above approaches it should be kept in 
mind that the FRAS assay measures the 
physico-chemical property OP and will not predict 
oxidative stress in all cases.

The suitability of several OP assays for SSbD 
applicability were previously reviewed in Ruijter 
et  al. (2023). In this comparison, the FRAS assay 
was found to be more suitable as compared to the 
acellular DCFH assay, and equally as suitable as 
EPR and the hemolysis assay. The choice in assay 
should however depend on the research question, 
as the FRAS assay can screen for a very wide range 
of radicals, whereas EPR can provide information 
about specific types of radicals induced by the 
particles depending on the spin trap used (Ruijter 
et  al. 2023).

Data FAIRness (Findable, Accessible, Interoperable, 
Reusable) is crucial for SSbD approaches (Caldeira 
et  al. 2023), and can be achieved through the use of 
common data templates. The HARMLESS project has 
produced such a template for the FRAS assay, which 
can be found here: https://zenodo.org/records/7729589.

Conclusion

We conclude that the adapted (96-well plate-based) 
FRAS assay protocol has improved user-friendliness, 

simplicity, and a higher throughput as compared 
to the original (cuvette-based) FRAS assay protocol. 
Assay precision and limit of detection were slightly 
decreased in the adapted protocol as compared 
to the original protocol but were still satisfactory. 
In the interlaboratory evaluation we have shown 
that the adapted SOP scored well in terms of 
robustness and repeatability, with intra- and inter-
laboratory coefficients of variation generally below 
20%. The adapted FRAS assay protocol has the 
potential to be used for high-throughput screening 
purposes, which is highly needed for approaches 
such as SSbD.
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