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Abstract 

Micro- and nanoplastics (MNP) are ubiquitous, but little is known about the risks they pose to human health. Currently 
available data are of limited use for developing relevant risk assessments due to poor quality control, the lack of a 
standardised approach to particle characterisation and environmental analysis, and the use of test materials that do 
not reflect those found in the environment. A set of well-characterised MNP test materials would greatly alleviate this. 
Here, we present a robust method to produce, fractionate and characterise such test materials of PP and PVC. Initial 
size reduction of commercial powders or pellets to 500 µm was performed using a centrifugal mill under cryogenic 
conditions. Further ball-milling between room temperature and -50 °C in 1-propanol was then performed to reach 
the final particle sizes. Fractionation into size ranges of < 1, 1–5, 5–10, 10–30, 90–180 and 180–300 µm was performed 
by sedimentation and filtration. Characterisation of the reference materials through SLS, SEM–EDX, XRF and TGA dem-
onstrated that the fractions were of the desired size and levels of contamination from the procedure were < 1 wt%. 
Stability testing in both 1-propanol and 0.05 wt% BSA solution showed that whilst some agglomeration occurred dur-
ing storage in 1-propanol the suspensions were stable in BSA over 9 months and some of the previous agglomeration 
was reversed.
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Introduction
Micro- and nanoplastics (MNPs), plastic particles < 5 mm 
and < 0.1  µm, respectively [1, 2], are seen as a potential 
health risk due to their abundance and persistence in 
the environment [3, 4]. Since the beginning of this mil-
lennium, > 6000 research papers have been published on 
the environmental presence of MNPs (Scopus: micro-
plastic OR nanoplastic; since 2000; Subject area “Envi-
ronmental Science; Document type “Article”). They have 
been shown to be present in not only various environ-
mental compartments (seas, lakes and rivers, air, soil, 

and glaciers) [5–8], but also in plants and animals [9, 
10]. More recently, MNPs have also been detected in the 
human body, including in the blood[11] and the placenta 
[12]. Whilst their presence in the human body has been 
demonstrated, the health effects related to this remain 
poorly understood and are therefore the topic of many 
studies [13–17].

A number of recent literature reviews have concluded 
that current data are insufficient to draw conclusions on 
the health effects of microplastics in humans and animals 
[18–20]. Common reasons for this are the use of insuf-
ficiently characterised particles (relying on manufacturer 
information without independent analysis of size, shape 
and polymer type) and/or particles that do not reflect 
those found in the environment [21]. The particles used 
may differ to environmental particles in their shape, 
plastic type, size, or presence of (surface) modifiers such 
as surfactants. For instance, two thirds of all studies 
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investigating the effects on aquatic biota used spherical 
MNPs, despite the fact that these account for only ~ 6% of 
environmental MNP [22]. The polymer types most often 
used in the literature are polystyrene (PS) or polyethyl-
ene (PE) resulting in their overrepresentation compared 
to other plastics. In contrast, polypropylene (PP) has 
been found in more than 50% of studies looking at fresh 
and drinking waters [5], but is only investigated in 6% of 
effect studies [18]. Furthermore, as some particles used 
in health studies have surfactants present at their surface, 
the effects observed might be a result of the surfactants 
causing for example cell lysis [23]. Thus, in order to study 
the health effects of polymer type and particle sizes, it 
would beneficial to study particles with a well-defined 
size fractionation and without any modified surfaces (e.g. 
without surfactants).

Nanoplastics present a unique problem as a lack of 
analysis capabilities mean there is also little known about 
their abundance and the properties they may have [24]. 
Whilst nanobeads of < 1  µm are frequently used for 
effect testing, their presence in the environment is still 
unknown. Environmental MNPs are a broad size distri-
bution spanning seven orders of magnitude from nano-
metres to millimetres, however this broad distribution 
is not reflected in the current test materials with only 
16% of studies investigating a size range greater than one 
order of magnitude [18].

To allow for the development of proper MNP risk 
assessments, it is instrumental that the MNP test mate-
rials used in exposure studies accurately represent those 
found in the environment [25]. We consider environ-
mentally relevant test materials to be satisfying the fol-
lowing three conditions: i) fragment or fibre particle 
morphology; ii) good size fractionation across a wide 
size range; and iii) no modification of the plastic sur-
face. There have been numerous studies that report the 
production of reference plastic particles. In these stud-
ies there are mainly two production methods described, 
either employing a bottom-up approach using dissolu-
tion and precipitation processes [26–29] or a top-down 
approach using mechanical degradation steps (e.g. mill-
ing) [30–32]. Whilst these studies provide very useful 
testing materials for different scenarios, none of them 
satisfy all three conditions for being considered environ-
mentally relevant. Some studies are limited in terms of 
particle size fractionation and report a limited size dis-
tribution. For example, the milling method developed 
by Seghers et  al. produces a reference material between 
30–200 µm but does not show the possibility to produce 
nanoplastics [32], whereas the bottom up approaches by 
Rodriguez-Hernández[27] and Balakrishnan[28] pro-
duce nanoplastic reference materials but not microplas-
tics. Furthermore, particles generated from bottom-up 

approaches are sometimes spherical as opposed to frag-
ments [26]. These particles are of great value for inves-
tigating the effects of nanoplastics or microplastics but 
do not allow for correlation across orders of magnitude. 
Likewise, other studies modify the plastics by using 
metal-dopants[29] or fluorescent labels[31] and whilst 
this is very beneficial for tracking and recovery purposes, 
it leads to the possibility of modified material properties. 
Finally, surfactants are often used to stabilise reference 
materials against agglomeration, however these modify 
the particle surface [28, 32].

In this work we detail the development of a method 
for the production of relevant MNPs test materials in 
distinct size fractions of < 1, 1–5, 5–10, 10–30, 90–180 
and 180–300  µm. Production was performed through a 
two-step milling process involving an initial coarse size 
reduction step using a rotary mill followed by intensive 
ball-milling with duration and temperature depend-
ent on plastic properties. The prepared materials were 
then fractionated through sedimentation and wet siev-
ing, and concentrated to produce a standard dispersion 
of 20  mg/ml MNP/1-propanol. The resulting materials 
were thoroughly characterized by static light scattering 
(SLS), scanning electron microscopy with energy dis-
persive x-ray spectroscopy (SEM–EDX), thermogravi-
metric analysis (TGA) and x-ray fluorescence (XRF) to 
determine size, morphology, chemical composition and 
dispersion stability in both storage and in the presence 
of bovine serum albumin (BSA) (a main constituent of 
common cell culture medium). We have demonstrated 
the method for PVC and PP/Talc, however we envisage 
that this can be easily adapted to produce test materials 
of many plastic materials.

The procedure from starting material to concentrated 
MNP fractions takes approximately 50–80 h (max. 24 h 
milling, 24–48 sedimentation, 1–2 h sieving, 1–2 h cen-
trifugation) and is accomplishable with no specialised 
equipment. We expect (although have not tested) that the 
rotary mill can be replaced by other coarse milling tech-
niques, as long as the particle size is sufficiently reduced, 
however, long duration ball-milling is crucial to produce 
the smallest size fractions. Ball-milling parameters will 
need to be optimised for each lab depending on equip-
ment and also per plastic type and possibly per plastic 
grade due to the varying material properties. Likewise, 
sieving needs to be optimised per lab to achieve the best 
possible fractionation of particles with attention to the 
use of sonication and over/under pressure to achieve this.

Results and discussion
Milling and fractionation of MNP test materials
The starting materials for the process, PP/Talc and PVC, 
were commercial polymers in pellet and powder form, 
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respectively. As most MNP exposure tests are performed 
in aqueous solutions, the particles must sediment on the 
target cells. As all polyolefins (e.g. PE and PP) have a den-
sity lower than 1 g/ml, the density of the PP needed to be 
increased. This was achieved by adding 30 wt% nano-talc 
as a filler during the extrusion step. Talc was chosen as 
it is frequently used as a mineral filler in commercial PP 
to modify material properties [33]. As the talc content in 
commercial PP can be as high as 40 wt%, we were able 
to use a PP/Talc that sinks whilst remaining environmen-
tally relevant [34]. The final density of the 30 wt% PP/Talc 
was 1.13 g/cm3.

In order to produce MNP test materials in the desired 
fractions of < 1, 1–5, 5–10, 10–30, 90–180 and 180–
300  µm, a four-step process was devised. This is illus-
trated in Fig.  1. First, the PP/Talc pellets were reduced 
in size to below 500  µm in a centrifugal mill (1). Then 
the powder was further ground in a ball mill (2). The 
resulting dispersions were then fractionated using sedi-
mentation (3) followed by sieving (4). The final frac-
tions were concentrated to the required 20 mg/ml using 
ultracentrifugation.

The first grinding step in the centrifugal mill is intended 
for a coarse particle reduction that should increase the 
efficiency of the subsequent ball-milling. In the grind-
ing step, a stainless steel mesh screen encircles the rotat-
ing blades allowing particles under a certain size to pass 
through while larger particles remain inside for further 
size reduction. For PVC this step was carried out at room 
temperature, whilst for the more ductile PP/Talc it was 
carried out under liquid  N2  (LN2) to embrittle the poly-
mer and enhance grinding efficiency. For both polymers, 
a 500 µm screen size was used.

The subsequent ball-milling step reduces the MNP 
further to the final size. In this step, Y-stabilised  ZrO2 
balls are used in a  ZrO2 vessel with a  ZrO2 stirrer. For 
PVC, milling can proceed for 20–25  h at room tem-
perature, however for the more ductile PP/Talc,  LN2 is 
again required to reach the required size. The  LN2 must 
be topped up every 10–20  s and milling time is limited 
to 1 h. A summary of the batches milled and the milling 
conditions used is presented in Table 1.

After grinding, all dispersions were converted to 1-pro-
panol by replacing the ethanol in those experiments 
where it was used during the grinding step. This was 
done by diluting the dispersion with 1-propanol, cen-
trifuging and decanting the supernatant four times. No 
major differences in particle size were observed between 
the batches milled in ethanol and 1-propanol. The disper-
sions for each polymer were then combined and diluted 

Fig. 1 Procedural scheme for Milling and Fractionation of MNP Test Material. Steps: 1. Centrifugal Milling, 2. Ball Milling, 3. Sedimentation, 4. Sieving

Table 1 Summary of the PVC and PP/Talc batches that have 
been milled in the Dispermat Ball Mill

Batch Mass Mass  ZrO2 
beads 
(1 mm)

Milling time Conditions

PVC_BI 72 g 1100 g 20 h @ 6000 rpm RT, ethanol

PVC_BII 72 g 1100 g 20 h @ 6000 rpm RT, ethanol

PVC_BIII 90 g 1200 g 20 h @ 6000 rpm RT, ethanol

PVC_BVI 60 g 1000 g 25 h @ 3000 rpm RT, 1-propanol

PP/Talc_BV 50 g 1130 g 65 min @ 
2000 rpm

LN2, 1-propanol

PP/Talc_BVII 32 g 600 g 60 min @ 
2000 rpm

LN2, 1-propanol

PP/Talc_BVIII 30 g 600 g 60 min @ 
3000 rpm

LN2, 1-propanol
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with 1-propanol to create a dispersion of approx. 0.1 
wt% of solids. 1-propanol was used instead of ethanol or 
2-propanol because of its better dispersion performance 
than ethanol and lower cell toxicity than 2-propanol. This 
dispersion was fractionated by a combination of sedi-
mentation and filtration.

As the intended use of the test materials is in-vitro 
exposure tests, we did not want to add any surfactants 
as these can cause cell lysis and will modify the surface 
of the particles, making them less comparable to those 
MNPs found in the environment. Due to the lack of sur-
factants we observed poor dispersion stability and par-
ticle agglomeration during sedimentation. This leads to 
sedimentation at the rate of the agglmoerate and not the 
individual particles. This non-ideal sedimentation behav-
iour resulted in a top liquid layer with the smallest parti-
cle fraction (< 1 µm) and a sedimented layer with all other 
particle fractions. Sedimentation was repeated twice 
and the top layer was recovered as the smallest size frac-
tion < 1 µm. The sedimented layer was then sequentially 
filtered over stainless steel sieves to retrieve the other 
size fractions (1–5, 5–10, 10–30, 90–180, 180–300 µm). 
Finally, all fractions were concentrated through ultracen-
trifugation to produce batches with a concentration of 
20 mg/ml.

Characterisation of the MNP test materials
Particle size
The particle size distribution of all MNP fractions pro-
duced was determined by static light scattering (SLS) 
using a fixed refractive index for each polymer. The 
results of SLS are volume-based particle size distribu-
tions, from which many parameters can be derived that 
describe the whole distribution of the size, as illustrated 
in Fig. 2.

Several possible definitions can be used to determine 
the mean size of particles in a batch of MNPs. Each defi-
nition is related to a different functionality. For instance, 
if the research interest lies in effects generated by the 
mass of the MNPs, then the volume average should be 
taken, whereas if the research interests are focussed more 
on number or surface area, a different definition of the 
particle size should be used. The number and volume dis-
tributions are so different due to the fact the volume is 
to the power 3. This means that the volume distribution 
is heavily biased towards larger particles, i.e. one 10 µm 
particle give the same volume intensity as one thousand 
1 µm particles. This means that small particles can eas-
ily get outweighed in the distribution by a couple of large 
particles. For the number distribution, one 10 µm particle 
gives the same intensity as one 1 µm particle. Both distri-
butions are important depending on what information is 
required by the user, therefore both have been presented. 
The following particle parameters have been measured 
and calculated for the produced MNP batches [35]:
DN =

[
∑

Dnxn
∑

xn

]

 Number mean diameter

D[4, 3] =
D4
nxn

D3
nxn

 Volume mean diameter

D[3, 2] =
∑

D3
nxn

∑

D2
nxn

 Surface area mean diameter

D[2, 1] =
∑

D2
nxn

∑

D1
nxn

 Length mean diameter

D[1, 0] =
∑

D1
nxn

∑

D0
nxn

 Number mean diameter (=  DN)
D50 = Dmedian

NW  number of particles per gram plastics (#/g)
AW  surface area of particles per gram plastics  (cm2/g)
VW  volume of particles per gram plastics 

 (cm3/g) fN (< 1) fraction number of particles below 
1  µm fN (1− 5) fraction number of particles between 
1–5 µm fN (5− 10) fraction number of particles between 
5–10  µm fN (> 10) fraction number of particles larger 

Fig. 2 Simulated Weibull distributions for number and volume intensity, with average particle sizes  DN (number mean diameter) and D[4,3] 
(volume mean diameter), and fractions of particles  (fx) within a certain size range
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than 10  µm fV (< 1) fraction volume of particles below 
1  µm fV (1− 5) fraction volume of particles between 
1–5 µm fV (5− 10) fraction volume of particles between 
5–10  µm fV (> 10) fraction volume of particles larger 
than 10 µm

Tables 2, 3, 4, 5 and 6 show the average particle sizes, 
fractions, and number, surface area and volume per 
gram of all the MNP batches. It can be seen that for most 
batches the number mean diameters (D[1,0]) correspond 
well to the desired size of the batches, demonstrating 

Table 2 Average particle sizes calculated from the SLS experiments for PVC, including standard deviation. A standard deviation of 0.00 
means < 0.005. All sizes given in µm

D[4,3] D[3,2] D[2,1] D[1,0] = DN D50N D50V

PVC < 1 8.87 ± 0.25 2.82 ± 0.36 0.59 ± 0.05 0.28 ± 0.01 0.21 ± 0.00 5.72 ± 0.86

PVC 1–5 6.34 ± 0.10 3.99 ± 0.01 2.66 ± 0.05 1.82 ± 0.05 1.47 ± 0.08 4.65 ± 0.03

PVC 5–10 16.89 ± 1.18 9.26 ± 0.70 6.17 ± 0.14 4.92 ± 0.06 4.17 ± 0.11 10.61 ± 2.45

PVC 10–30 104.30 ± 9.22 44.89 ± 3.08 22.96 ± 0.36 17.58 ± 0.01 14.9 ± 0.02 106.48 ± 13.10

PVC 90–180 149.19 ± 0.31 138.11 ± 0.35 129.07 ± 0.33 121.34 ± 0.29 110.54 ± 0.02 133.31 ± 0.25

PVC 180–300 195.86 ± 0.53 187.47 ± 0.49 180.10 ± 0.49 172.90 ± 0.52 159.56 ± 0.66 182.41 ± 0.09

Table 3 Fractions of PVC particles within the specified ranges for both number and volume distribution. A standard deviation of 0.0 
means < 0.05. All sizes given in µm, fractions given as percentages (%)

fN (< 1) fN (1–5) fN (5–10) fN (> 10) fV (< 1) fV (1–5) fV (5–10) fV (> 10)

PVC < 1 98.1 ± 0.4 1.9 ± 0.3 0.1 ± 0.0 0 5.8 ± 1.1 40.5 ± 3.7 20.5 ± 1.6 33.2 ± 6.5

PVC 1–5 30.5 ± 1.5 67.4 ± 1.4 2.0 ± 0.1 0.1 ± 0.0 0.8 ± 0.1 53.4 ± 0.6 32.2 ± 0.1 13.5 ± 0.3

PVC 5–10 0 67.9 ± 2.1 30.0 ± 2.5 2.1 ± 0.4 0 15.4 ± 1.6 35.3 ± 5.5 49.4 ± 7.1

PVC 10–30 0 0 9.5 ± 0.3 90.5 ± 0.3 0 0 0.5 ± 0.1 99.5 ± 0.1

PVC 90–180 0 0 0 100 0 0 0 100

PVC 180–300 0 0 0 100 0 0 0 100

Table 4 Average particle sizes calculated from the SLS experiments for PP/Talc, including standard deviation. A standard deviation of 
0.00 means < 0.005. All sizes given in µm

D[4,3] D[3,2] D[2,1] D[1,0] = DN D50N D50V

PP/Talc < 1 8.10 ± 0.16 3.27 ± 0.26 1.18 ± 0.21 0.59 ± 0.11 0.40 ± 0.08 5.83 ± 0.16

PP/Talc 1–5 8.35 ± 0.10 6.58 ± 0.00 5.57 ± 0.01 4.96 ± 0.01 4.28 ± 0.00 6.36 ± 0.01

PP/Talc 5–10 27.36 ± 0.96 21.88 ± 0.23 16.90 ± 0.28 12.88 ± 0.58 10.57 ± 0.58 24.16 ± 0.46

PP/Talc 90–180 142.39 ± 5.85 116.48 ± 5.67 75.90 ± 12.80 24.31 ± 9.51 6.25 ± 0.65 127.15 ± 4.77

PP/Talc 180–300 420.13 ± 0.80 323.27 ± 0.37 254.62 ± 0.10 211.18 ± 0.38 181.18 ± 0.36 326.84 ± 0.79

Table 5 Fractions of PP/Talc particles within the specified ranges for both number and volume distribution. All sizes given in µm, 
fractions given as percentages (%)

fN (< 1) fN (1–5) fN (5–10) fN (> 10) fV (< 1) fV (1–5) fV (5–10) fV (> 10)

PP/Talc < 1 88.5 ± 4.8 11.3 ± 4.7 0.2 ± 0.1 0 5.8 ± 1.0 38.4 ± 0.1 27.6 ± 0.3 28.2 ± 1.3

PP/Talc 1–5 0 68.4 ± 0.2 30.2 ± 0.2 1.3 ± 0.1 0 27.2 ± 0.2 50.6 ± 0.2 21.7 ± 0.1

PP/Talc 5–10 0 9.1 ± 3.1 36.5 ± 1.4 54.4 ± 4.5 0 0.2 ± 0.1 4.5 ± 0.1 95.3 ± 0.2

PP/Talc 90–180 0 26.8 ± 9.4 46.1 ± 2.8 27.1 ± 12.2 0 0 0.1 ± 0.1 99.9 ± 0.1

PP/Talc 180–300 0 0 0 100 0 0 0 100
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that the milling and fractionation procedure produces 
suitable test materials. There are four cases where this is 
not the case: the D[1,0] for PVC 5–10, PVC 90–180 and 
PP 90–180 is slightly smaller and for PP 5–10 is slightly 
larger than expected. This is also reflected in the number 
fractions where it can be seen that the majority of the 
particles are in the desired fraction, with PVC batches 
generally having more particles in the desired fraction 
than the respective PP/Talc sample. Finally, the surface 
area is calculated based on a smooth, spherical, non-
porous particle. Whilst this is not a completely accurate 
representation of the true particles, it is hoped that such 
information will aid in estimating surface area dependent 
effects such as biofilm formation and MNPs as patho-
genic or chemical vectors.

Quantification of filler materials
Thermogravimetric Analysis (TGA) was used to inves-
tigate the presence of inorganic fillers in the test mate-
rials. This is especially important for the PP. For both 
plastics, the < 1 and 90–180 µm batches were tested and 
TGA traces are shown in Fig. 3. The PVC shows two mass 
loss events. The first, between 200 and 400  °C indicates 
the loss of HCl and the second, between 400 and 600 °C 
is the pyrolysis of the carbon chain. The residual mass is 

most likely carbon fragments that are formed during the 
HCl release and cannot be further pyrolyzed. The differ-
ence between the smaller and larger particles is due to 
the particle size. The smaller particles generally pyrolyze 
faster and more completely due to their larger surface to 
volume ratio.

The PP/Talc shows a single weight loss event around 
450 °C corresponding to pyrolysis of the polymer. There 
is a clear difference in residual weight between the larger 
and the smaller particles. The larger particles have a 
much lower residual weight than the smaller particles. 
The residual weights are shown in Table S1. The frac-
tion of talc blended in the polypropylene during produc-
tion was 30 wt%, whereas after milling the talc content 
is shown to be 26.2% for the larger particles and 41.6% 
for the smaller particles. As the size of the talc particles 
is 100–300  nm, this suggests that a fraction of the PP/
Talc < 1  µm batch may be talc particles that have been 
released from the PP during grinding, and are no longer 
embedded in a PP matrix.

Chemical composition and contamination
The chemical composition of two batches of PVC and 
two batches of PP/Talc was investigated after milling 
(see Table 1 for milling conditions of the corresponding 

Table 6 Number, surface area and volume per gram of dry particles

NW (#/g) AW (cm2/g) VW (cm3/g) NW (#/g) AW (cm2/g) VW (cm3/g)

PVC < 1 3.2 ± 0.8  1012 15,200 ± 1520 0.72 PP/Talc < 1 8.0 ± 4.0  1011 16,400 ± 920 0.89

PVC 1–5 6.8 ± 0.7  1010 10,900 ± 22 0.72 PP/Talc 1–5 9.3 ± 0.1  109 8080 ± 100 0.89

PVC 5–10 4.9 ± 0.5  109 4720 ± 360 0.72 PP/Talc 5–10 3.5 ± 0.3  108 2430 ± 26 0.89

PVC 10–30 7.7 ± 0.6  107 973 ± 67 0.72

PVC 90–180 6.4 ± 0.0  105 315 ± 0.8 0.72 PP/Talc 90–180 9.9 ± 6.5  106 458 ± 22 0.89

PVC 180–300 2.4 ± 0.0  105 232 ± 0.6 0.72 PP/Talc 180–300 9.7 ± 0.1  104 165 ± 0 0.89

Fig. 3 TGA traces of large and small PVC and PP/Talc fractions
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batches) using X-ray Fluorescence (XRF). These results 
are shown in Table S2. In all batches the total contami-
nant concentration is < 1 wt%. Ca and Zn are present in 
both polymers as stabilizers, as is the P in PVC. Fe, Cr 
and Ni are components of stainless steel which are pos-
sibly released either from the centrifugal mill or a small 
stainless steel mesh in the ball-milling vessel. The Zr and 
Y are likely introduced by the ball-milling components 
(beads, stirrer and vessel) which are made of Y-stabilized 
 ZrO2. The higher load of Zr in the PVC_BIII batch may 
be due to use of new beads for that batch. The higher con-
centration of Fe in the PP/Talc may be due to the higher 
abrasivity of the talc against the stainless steel mesh in 
the grinding vessel. The presence of other unexplained 
contaminants is low, totalling < 0.5  wt% in PVC (mainly 
due to the high Na content) and < 0.01 wt% for PP/Talc.

Single particle physicochemical analysis
SEM–EDX analyses were performed in order to char-
acterise the morphology of the particles and to investi-
gate contaminations on the single particle level. Figure 4 
shows representative particles from the batches < 1, 
1–5 and 5–10  µm of PVC and PP/Talc. Further images 
are available in Figures S1, S2, S3, S4, S5 and S6 of the 
Supplementary Information. Multiple morphologies 
are observed, both due to size and plastic type. Particles 

of both PP/Talc and PVC in the fraction < 1  µm appear 
to have a smoother, rounder morphology than parti-
cles > 1 µm. In the fractions 1–5 and 5–10 µm there are 
differences observed between the two plastics. PP/Talc 
particles appear to be flatter and irregular in shape with 
sharper edges in the fraction 1–5 µm and fibre-like struc-
tures protruding from the edges in particles > 10 µm. In 
contrast, PVC particles are also irregular in shape but 
more rounded edges than PP in the fraction 1–5  µm, 
whilst the fraction 5–10 µm appears to be larger aggre-
gates of small, round particles. Further characterisation 
of the 3D structure of the particles, specifically to quan-
tify the thickness of particles, would be very useful but 
has thus far been unsuccessful with SEM and a tilted 
stage. Further research could focus on using AFM to 
quantify width vs height, or with confocal fluorescence 
microscopy if the particles were labelled.

Using back-scattered electron (BSE) detectors, contrast 
arises due to the atomic number of the element(s) under 
observation, known as Z-contrast [36]. This may be used 
to identify local metal contaminants on a single particle 
level. Figures S7a + b in the supporting information show 
secondary electron (SE) and BSE images of a PVC par-
ticle from the 1–5  µm batch. In the SE image the same 
globular aggregate morphology is observed as described 
above for the fraction 5–10  µm, however, in the BSE 

Fig. 4 Secondary electron SEM images of PP/Talc and PVC particles in the size fractions < 1, 1–5 and 5–10 µm
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image small bright spots are visible which may be indica-
tive of metal contamination. EDX of one of these spots, 
shown in Figure S7c shows that these spots contain Zr. 
This, in combination with the XRF results, shows that 
Zr contamination is present in low levels on some of the 
PVC particles. It should be noted that this is observed on 
fewer than half of the particles.

Stability of MNP suspensions
Two types of stability can be assessed, the long-term 
(shelf life) stability of the MNP in 1-propanol during stor-
age in a refrigerator (4  °C) and the stability of the MNP 
when diluted in the presence of BSA (in-use). The final 
samples of (20  mg/ml) MNPs in 1-propanol were made 
on day 0, and tested on days 0 and 46. After 58 days the 
particles were transferred to BSA and measured immedi-
ately and after 13, 48 and 218 days. The particle size dis-
tributions can be seen in Fig. 5.

Both MNP materials show some changes in particle 
size distribution in time. The PVC 1–5  µm indicates 
some agglomeration in 1-propanol over time, but after 
dispersing in BSA some of the small agglomerates 

break up and form a larger number of small particles. 
The fraction < 1  µm is 30% in the fresh sample whilst 
this is increased to 52% after 276  days. The same 
size development of agglomeration in 1-propanol 
and deagglomeration in BSA can be seen in the PP/
Talc < 1  µm sample. Blank SLS measurements of the 
0.05 wt% BSA solution without MNPs were performed, 
however the concentration of possible proteins and 
protein agglomerates was too low to measure, there-
fore the particle size information presented is repre-
sentative of the MNPs themselves.

The development of the number average particle size 
of both materials are shown in Fig. 6. The number aver-
age size of PVC decreases slightly with time for the PVC 
1–5  µm sample, however the PVC < 1  µm increases in 
size. The number average particle size of the PP/Talc 
1–5 µm shows a bigger change with a large decrease in 
size over the first two months. This is possibly due to 
some of the talc particles being released from the mate-
rial, which may result in a significant lowering of the 
average particle size. For both plastics, after dispersion 
in BSA the particle size remains constant for 31 weeks.

Fig. 5 Change in number distribution of PVC 1–5 µm and PP/Talc < 1 µm during storage and cell medium stability testing

Fig. 6 Number average particle size development of PVC and PP/Talc with time in 1-propanol and BSA
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Conclusions
We have successfully demonstrated a protocol to prepare 
suitable micro- and nanoplastic test materials. Through a 
two-step milling process followed by sedimentation and 
sieving, fractions with narrow size distributions of par-
ticles between < 1, 1–5, 5–10, 10–30, 90–180 and 180–
300 µm were created. These particles were shown to have 
low levels of contaminants containing elements originating 
from stainless steel and  ZrO2 apparatus that was used dur-
ing preparation. The produced particles were also tested 
for stability in both 1-propanol (storage) and 0.05 wt% 
BSA solution (test matrix) for up to 9 months. After ini-
tial agglomeration in 1-propanol, the particles are stable in 
BSA although some changes in time can be seen due to the 
breakup of agglomerates. Whilst this work has focused on 
producing PVC and PP/Talc test materials, we hope that 
it may be easily applied to other plastics when test mate-
rials are needed. It is important to note that when using 
such test materials suitable controls should also be pre-
pared. For example, the talc additive on its own and 1-pro-
panol that has been used for milling and sedimentation to 
account for the leaching of additives during the process.

Materials and methods
Materials
PVC (SigmaAldrich Merck, no. 346764, Mw-233000, 
powder), Polypropylene with 30  wt% talc (LyondellBa-
sell, pellet), ethanol (Thermo Scientific, Technical grade 
96%), 1-propanol (SigmaAldrich Merck, nr. 402,893, 
99.5%), MilliQ water, BSA (SigmaAldrich nr. A7906) and 
Phosphate-buffer saline (PBS) (Gibco nr. 18,912–014, 1 
tablet per 500  ml demiwater) were all used as received 
without further purification with the exception of the 
MilliQ water which was filtered using a Millipore 0.22 μm 
filter. The talc filler for the polypropylene was supplied by 
Nanoshel (Talc nanoparticles, < 100 nm, 99.9% purity).

Milling
The centrifugal milling was performed using a Retsch 
ZM100 centrifugal mill with a 500  µm screen. Milling 
was performed either at room temperature or under 
 LN2. Ball-milling was performed using a Dispermat 
ball mill (VMA-Getzmann GmbH) using Y-stabilised 
 ZrO2 beads (E&R BV), a  ZrO2 vessel and  ZrO2 double 
impeller rotor. Ball-milling was performed for between 
1–25 h, at between 2000–6000 rpm either a room tem-
perature or under  LN2 and in ethanol or 1-propanol. 
Full details are described in the main text.

Fractionation
Sedimentation was performed twice in 1-propanol 
using a 30  cm glass column with a diameter of 8  cm. 

Larger particles were allowed to sediment for ~ 16  h 
before removing smaller particles from the super-
natent. Sieving was performed wet using stainless steel 
sieves of 5 and 20, 30, 90, 180 and 300 µm with diam-
eter 4–5 cm.

Preparation of suspensions in 0.05 wt% BSA solution
The MNPs were manually shaken and 10  µl (20  mg/
ml) was added to 300  µl BSA solution (0.5  wt%). This 
was manually shaken for 1  min and then diluted with 
2700 µl MilliQ water resulting in 3 ml MNP in 0.05 wt% 
BSA solution (~ 60 µg/ml).

Determination of particle stability
For the assessment of shelf life stability in 1-propanol, 
the stock dispersions of 20  mg/ml were regularly 
retrieved from the refrigerator and manually shaken 
to redisperse the particles. For the stability in the pres-
ence of BSA, a working suspension of ~ 60 µg/ml MNP 
in 0.05 wt% BSA solution was prepared and stored in 
a refrigerator (4°C). The particle size distribution of 
this working suspension was measured without further 
modification.

Static Light Scattering (SLS)
SLS was performed using a Shimadzu SALD 7500nano 
with a 405  nm laser, that has the possibility of meas-
uring particle size between 7 nm and 800 µm. The dis-
persions were diluted in 1-propanol and measured 
under constant movement at laboratory conditions 
(23  °C, ~ 50% relative humidity). The refractive indices 
used for the calculation of the particle size distributions 
from the scattering results were 1.55–0.00I for PVC 
and 1.60–0.00I for PP/Talc, respectively.

Scanning electron microscopy with energy dispersive x‑ray 
spectroscopy
SEM–EDX analyses were performed with a Tescan 
MAIA III Triglav field emission scanning electron 
microscope, equipped with Bruker XFlash Quantax 30 
 mm2 silicon drift detectors for energy dispersive X-ray 
spectroscopy. SEM images were recorded in the sec-
ondary electron (SE) and backscattered electron (BSE) 
modes between 5–15 kV.

Thermogravimetric Analysis (TGA)
TGA was used to determine the fraction of inorganic 
additives in the polymers. The equipment used was the 
TA Instruments TGA5500. The experiments were per-
formed under nitrogen with a heating rate of 20 °C/min 
from room temperature up to 800  °C. The mass loss 
with time and temperature is monitored. Two of the 
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PP/Talc and two of the PVC batches were assessed for 
their weight loss.

X‑ray Fluorescence (XRF)
The composition and contamination of the MNPs were 
assessed by means of XRF spectroscopy, using a Mal-
vernPanalytical Epsilon 4 benchtop analyser and Omnian 
software. The benefit of this chemical characterization 
technique is the measurement of the average composi-
tion over a relatively large sample. This is also the major 
drawback, because large volumes of material are needed 
to test. For many ground samples, the mass produced 
(especially the batches of smaller particles) was low, 
meaning that the required amount was not available.
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