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Abstract

As a direct result of laboratory sample manipulation required to identify microplastics (MPs) within a given matrix,
some MPs are inevitably lost. The extent of this loss can be quite significant and varies greatly depending on the sam-
ple matrix, choice of protocol and target MPs in question. Defining analytical MP recovery is therefore a critical
component in ensuring the quality of MP protocols. The potential relationship between particle size and recovery
rate has been widely discussed but remains uncertain. To determine whether MP loss correlated with particle size,
three aliquots of polyethylene fragments in the 5-50 um size range and three aliquots of polypropylene fragments
in the 50-500 um size range, were consecutively transferred back and forth from filter to liquid. After each individual
transfer the analytical recovery within specified size groups, was evaluated by applying high-resolution darkfield
microscopy. Average recovery across the entire size range was estimated at 80% with a standard deviation (std.

dev.) of 26%. Notably, particle coverage on filters (A%) showed a more significant impact on recovery than particle
size. Maintaining A% below 5% on filters for microscopic analysis is advised to prevent excessive loss due to particle
agglomeration. To determine whether the use of red polyethylene fragments in the 5-50 um size range in combina-
tion with darkfield microscopy could potentially improve MP recovery evaluation in environmental samples, three
aliquots of 0.5 g of dry brown trout muscle tissue were spiked and treated according to a relevant protocol. This size-
discriminating approach accurately determined average recovery at 52% with a std. dev. of 4% and demonstrated
the potential for correction of the concentration enhancement of smaller MPs resulting from particle breakup dur-
ing sample pre-treatment, which would otherwise lead to overestimation of smaller size fractions.

Highlights

« Recovery experiment shows no evidence of increasing microplastic loss with decreasing particle size, in the 5-500
um range.

- Investigating colored PE micro-fragments under darkfield illumination enables size-discriminating recovery estima-
tions of microplastics =5 pm.

- Particle area coverage should not exceed 5% of filters intended for microscopic analysis of microplastics (< 500 um).
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- Forincreased relevance to environmental conditions, fragments should replace spheres or beads in microplastic

recovery experiments.

Keywords Positive quality control, Particle coverage (A%), Recovery rate (RR), Fragments, Experiment, Statistics

Introduction

The sample manipulation necessary for isolating
microplastics (MPs) in a diverse range of environmen-
tal matrices often requires several transfer steps back
and forth from filters to liquids [1-3], resulting in the
inevitable loss of some MPs [4]. To asses this loss, a
recovery rate (RR) experiment using spike MPs can be
performed. This procedure is often applied as a posi-
tive quality control in environmental MP studies [5].
Establishing RR is critical to accurate MP analysis and
research [6-9]. Results from studies not addressing MP
recovery may be questionable [10], as the loss of MPs
through sample manipulation can be quite significant
[5, 11]. RR is often established by adding a known or
approximate number of MPs to the matrix in ques-
tion, executing the relevant protocol and determining
or estimating the loss of spiked MPs [12—-15]. Designing
the ideal MP recovery experiment would require: (i) a
large number of MPs to satisfy statistical significance,
(ii) a wide size range of MPs, (iii) MPs of varying mor-
phological nature and with varying densities and levels
of hydrophobicity as well as MPs containing various
dyes and additives, and at different stages of degrada-
tion. (iv) The interaction between specific polymers,
chemical reagents and laboratory equipment/material
used in the relevant protocol is also a critical parameter
to consider. However, realizing an experimental setup
that addresses all these requirements is challenging and
recovery experiments are therefore often simplified in
order to achieve feasibility. A typical recovery experi-
ment relies on the addition of a solution containing an
approximated number (MPs/mL) of commercial MP
spheres in a limited size range [5, 11, 16, 17] and the
subsequent approximation of the final number of MPs
following the entire protocol; either by visual identifica-
tion [12, 18], subsampling by vibrational spectroscopy
techniques [11] or even weighing [19]. Since natural
samples include MPs with highly diverse morphological
features, the established RR may not be applicable to
all particles. In environmental samples, MP fragments
are among the most abundant shapes [20]. Recovery
experiments would therefore better mimic true recov-
ery of environmental MPs if the reference MPs were
fragments instead of spheres or beads. Another highly
critical parameter is particle size. As smaller parti-
cles are generally considered to be more mobile, it has
been hypothesized that RR decreases with decreasing

particle size, and some studies do speculate on, or indi-
cate such a correlation [5, 11, 17, 21-25].

This study aimed to investigate whether particle size
and recovery are directly correlated and to further under-
stand what processes and parameters affect MP (<500
pum) recovery. By implementing image analysis of pho-
tomicrographs captured under darkfield illumination,
this study investigated whether morphological features
such as size, circularity and aspect ratio, directly affected
the recovery of MP fragments. Additionally, by spiking
three brown trout muscle tissue samples and execut-
ing a relevant protocol for MP extraction [1], the study
evaluated the applicability of the same MP fragments for
more precise and environmentally relevant MP recovery
experiments.

Materials and methods

Laboratory procedures

Recovery experiment

Polyvinylidene fluoride (PVDF) filter membranes spiked

with a diverse size range of colored polyethylene (PE) and

polypropylene (PP) MP fragments were four times trans-

ferred back and forth between liquid to filter using glass

bottles and a glass vacuum filtration device (Fig. 1) com-

monly applied in MP isolation procedures [4, 12, 26—-33].
After each transfer, morphological features and the

number of MPs in the 5-50 and 50-500 pm ranges, in

3 /9 2
R

Fig. 1 (1) Using a glass vacuum filtration device, particles

were filtered onto a 25 mm, 0.65 um PVDF filter membrane. (2)
Photomicrographs were captured under darkfield illumination

in order to determine the quantity and morphological parameters
of the transferred MPs. (3) All particles on the examined filter were
subsequently flushed with ultrapure Milli-Q water, into a 40 mL
glass bottle. The content of the bottle was then poured, flushed
and filtered onto another PVDF filter membrane. This process

was repeated four times for each sample
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size groups at a resolution of 5 and 50 um, respectively
(each group representing 10% of their respective size
range), were determined using a ColSpec® MK2 dark-
field color-spectral imaging microscope (LightForm, Inc.,
ColSpec® MK2, Asheville NC USA). The number of par-
ticles within the specified size groups before and after
each individual transfer were determined to calculate the
resulting loss and RR.

MPs are generally defined as plastic particles between
1 pm and 5000 pym (5 mm) in diameter [34] but within
the frame of this study, plastics within the 5-50 pm size
range will be referred to as fine MP (FMP), while plas-
tics between 50—-500 pum will be referred to as small MP
(SMP).

To acquire FMPs, Red PE (p=0.96 g/cm?) fragments
were produced by manual crushing of 10-27 pm micro-
spheres (CoSpheric LLC, Santa Barbara California USA)
using a glass mortar and pestle. The fragments were
transferred into a glass bottle containing a 1000 mL solu-
tion of prefiltered (pore size=0.45 pum) ultrapure Milli-
Q water (18.2 MQ-cm) with 5 mL of added surfactant
(Sigma-Aldrich, Tween®20, Darmstadt Germany). To
further separate individual particles, the bottle and solu-
tion was sonicated in two cycles of 30 min. To acquire
SMPs, blue PP (p=0.91 g/cm?®) fragments were produced
by filing a piece of blue virgin macroplastic. These frag-
ments were transferred into another glass bottle and
treated in the aforementioned manner.

Three aliquots of 1 mL of FMP solution containing
approximately 1500 FMPs/mL were filtered onto individ-
ual pre-rinsed 25 mm, 0.65 pm PVDF filter membranes
using a glass vacuum filtration device. Similarly, three
aliquots of 3 mL SMP solution containing approximately
300 SMPs/mL were transferred onto individual PVDF
filter membranes. High-resolution photomicrographic
mosaics visualizing the entire surface area of each indi-
vidual filter, were subsequently obtained, after which the
filters were directly transferred into 40 mL glass bottles.
Using perfluoroalkoxy alkane (PFA) squeeze bottles con-
taining ultrapure Milli-Q water, the content of the bottle
and the filter was once again flushed into a glass vacuum
filtration device and onto another pre-rinsed 25 mm, 0.65
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pum PVDF filter membrane. The inner walls of the glass
bottle as well as of the glass filtration device were flushed
with ultrapure Milli-Q water three times to increase the
transfer of particles onto the filter surface. The entire
process was repeated four times for each aliquot. On the
basis of the resulting twelve transfers, average RR within
the specified size ranges was determined based on the
loss of particles between each individual transfer, illus-
trated in Fig. 2. By combining the pool of FMP and SMP
particles, average recovery of particles based on morpho-
logical features independent of size was based on a total
of 24 transfers (with exceptions due to insignificant num-
ber of particles with specific morphological features). All
glassware utilized in the experiment was subjected to kiln
sterilization (1h, 500 °C).

MP Recovery in trout muscle tissue

To demonstrate the use of MP fragments in the 5-50 pum
size range to determine more environmentally relevant
RR within specified size groups, three aliquots of 5 mL
of the same FMP solution (~ 1500 FMPs/mL) used in the
general recovery experiment (Sect. 2.1.1.), were trans-
ferred onto individual pre-rinsed 25 mm, 0.65 um PVDF
filter membranes. Darkfield microscopy was utilized to
record the morphological characteristics and quantity of
the spike microplastics.

The content of the filters was flushed into 40 mL glass
bottles and subsequently poured into three individual 200
mL glass jars, each containing 0.5 g of dried brown trout
(Salmo trutta) muscle tissue. Only the recovery of FMPs
was evaluated, as environmental MPs found within this
matrix are almost exclusively below 50 um in diameter.
The samples were treated in accordance of a self-made
protocol with inspiration from Dellisanti et al. (2023)
[1]. The process involved three steps performed in the
following order: (i) Primary matrix removal through the
use of 30 vol.% potassium hydroxide (KOH) on a hotplate
at 50°C for 24 h, (ii) density separation using zinc chlo-
ride (ZnCl,) (p=1.6 g/ml) and (iii) digestion of residual
organic matter by the use of 30 vol.% hydrogen peroxide
(H,O,) on a hotplate at 50°C for 7 days.

Fig. 2 Mosaics visualizing, from left to right, the evolution of MP loss in sample “SMP1"following each individual transfer. 1%, 2" etc. refers to 1°

filter, 2" filter and so on
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After executing the entire protocol, the contents were
filtered onto individual pre-rinsed 25 mm, 0.65 um PVDF
filter membranes and the number and size distribution
of remaining FMP particles was then determined using
darkfield microscopy to accurately establish the average
recovery resulting from the protocol. All glassware uti-
lized in this experiment was also subjected to kiln sterili-
zation (1h, 500 °C).

Image processing and instrumental configuration

Recovery experiment

To register the number of spike MPs and their mor-
phological information, a ColSpec® MK2 darkfield
color-spectral imaging microscope was used to obtain
the photomicrographs. The distance from the stage
to the light-source was adjusted until the filter back-
ground displayed almost no reflectance but still allowed
the reference MPs of interest to remain clearly vis-
ible. Instrumental configurations and parameters were
equal between all samples. Using the grid/collection
stitching method [35], multiple photomicrographs
at a resolution of 1920x 1200 pixels, were automati-
cally stitched together to form high-resolution mosaics
covering the entire filter area. Figure 3 demonstrates
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how morphological information was extracted from
the mosaics. At a resolution of 2.6 um per pixel, the
morphological information of individual particles,
was automatically extracted by defining relevant color
thresholds in the FIJI Image] 1.53t imaging software,
that would visually isolate the spike MPs of interest
from the background and other generic particles. Par-
ticles with Feret diameter below and above 5-50 and
50-500 pm were not considered for FMP and SMP
samples, respectively.

MP recovery in trout muscle tissue

Registration of morphological parameters and num-
ber of FMP spikes followed the same procedure as the
general recovery experiment, with the exception of an
increased microscopic resolution of 2.05 um per pixel,
enabling better identification of smaller particles as
well as discrimination between individual particles in
close proximity. At this resolution, a mosaic covering
the same area as in the general recovery experiment
(@=1.4 cm), required 40 instead of 24 photomicro-
graphs of similar resolution i.e. 1920Xx1200 pixels.
Figure 4 illustrates how well the red FMP spikes were
visually separated from other generic particles.

MP size distribution @

I:lDDEIEID.:.

P PP DD
PO P PO g S
TR S oSS P

Feret diameter (um)

Fig. 3 Adisplays a complete mosaic constructed from 24 photomicrographs, containing highly reflecting blue PP fragments, captured using
a ColSpec® MK2 darkfield microscope. Each photomicrograph holds 1920x 1200 pixels where 1 pixel represents 2.6 um. B subsequently, the mask
of defined particles was produced using the Fiji ImageJ 1.53t imaging software from which (C) a histogram displaying size distribution of the spike

MPs was constructed

Fig.4 A displays an unaltered photomicrograph of a single frame of a post-protocol FMP sample compared with (B), the same frame showing

the visually isolated spike MPs, following data treatment
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Statistical analysis

Statistical analyses were performed using the R statisti-
cal computing software [36] version 4.2.2. Correlations
between MP Feret diameter, aspect ratio (AR), circu-
larity, the percentage of filter covered by spike particles
(A%) and recovery rate (RR) were calculated for each
size group of MPs and individual transfers, using the
“Reorr” function from the “Hmisc” package [37]. The
Pearson correlation method was used [38] to calculate
both correlations between variables and the p-values of
the correlations for an alpha value of 0.05. Finally, the
“Corrplot” function from the eponymous package [39]
was employed to visualize the significant correlations
between variables.

Results

Recovery experiment

Figure 5 displays average RR of the analyzed size groups
of both FMPs and SMPs, along with standard deviation
(std. dev.) and total number of transferred particles within
the relevant size groups. Across the entire size range, RR
was determined at 80% with an average std. dev. of 26%.
Based on statistical analysis, a weak correlation between
RR and particle diameter of 0.11 (p-value=0.11, n=216)
was determined, indicating that there was insufficient
evidence to suggest any link between the two parameters.
For FMPs and SMPs individually, correlations of -0.02
(p-value=0.56, n=108) and 0.06 (p-value 0.86, n=108)
were determined.

Morphological features independent of size i.e. circu-
larity and AR, were also correlated with the observed
RR (Fig. 6). Average recovery was determined at 80
and 79% with std. dev. values of 33 and 26% for AR and
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circularity, respectively. Total transfer of particles with
AR >3 was very limited (n<500) and std. dev. there-
fore increased significantly above this threshold. A
greater variability in circularity-values produced less
variability overall in the std. dev. The statistical analy-
sis determined insignificant correlations between AR,
circularity and RR of 0.06 (p-value=0.41, n=168) and
0.02 (p-value=0.82, n=144) for AR and circularity,
respectively, indicating that there was insufficient evi-
dence to suggest any correlations.

By performing consecutive transfers of the same sam-
ples, the total number of particles and thus the per-
centage of filter area covered by spike particles (A%),
decreased following each transfer. A% prior to trans-
fer was correlated with the resulting RR for FMPs and
SMPs, respectively (Fig. 7). For SMPs covering up to 7%
of the filter, A% and RR showed an apparent trend (A
%=-0.09-RR+11.58<>RR=-8.7-A%+115, R*=0.80
(n=11)) and statistical analysis demonstrated sig-
nificant negative correlation of -0.89 (p-value=2-107%,
n=11). Similar statistical analysis was applied to FMPs,
covering only up to<0.25% of the filter, but was incon-
clusive (p-value=0.9, n=12). A noticeable differ-
ence between the spread of points within the primary
RR- ‘populations’ of FMP and SMP samples was also
observed. The primary RR population of SMPs was 1.6
times wider than for FMPs and showed no correlation
with A%. For FMPs, the three datapoints outside the
primary RR-population have been interpreted as ran-
dom outliers as they do not follow any clear correlation.
Amongst SMPs, one outlier was identified. All data rel-
evant to this experiment is available in the Supporting
information 1 (SI1).

MP recovery versus size
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< 120 Average Std. Dev: 26% \ 8
5 \ 4000 5
< 100 " L %
S ® o
28 ¢ o © © ©® o o © o ®1eo 0 o © o ° 3000 2
> \ —
o 60 & @
S —_ TS - N 2000 _g
5 *° RN h e
g 20 Mo - 1000
3 0 L~ A TAh-a o A o A o A 0

O B P P S H S P S L S P S

Feret diameter (um)

@ Average recovery FMPs @ Average recovery SMPs —a= Number of particles transferred
Fig. 5 The diagram plots average recovery rate (RR) of FMPs (5-50 um) and SMPs (50-500 um) within specified size groups, based on 12 transfers.
The total number of transferred particles within these groups is marked by triangles. Average RR across the entire size range was estimated at 80%
with a std. dev. of 26%. No correlation between RR and size could be established
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of 80% at AR < 3. Above this threshold the number of transferred particles becomes statistically insignificant and std. dev. increases significantly.

RR of MPs of both high and low circularity showed reasonable stability around the overall average RR of 79%, yet at AR 0.6-0.7, standard deviation
increased significantly. Note that high std. dev. coincides with low number of transferred particles
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Fig. 7 The diagrams plot particle coverage prior to transfer (A%) against the ensuing RR of each individual transfer. A SMPs covering up to 7%

of the filter, showed a strong linear correlation (y=-0.09x+ 11451, R?=0.8) between the two parameters, whereas B FMPs covering only up to 0.25%
of the filter, showed no correlation. C and D plot RR versus A% of the individual size groups after each transfer, for FMPs and SMPs, respectively. By
removing some outliers in (C), the trend becomes more apparent
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MP recovery in trout muscle tissue

Pre-protocol FMP samples 1, 2 and 3 contained n=7186,
7379 and 8219 red PE fragments in the size range of 5-50
um, respectively, while post-protocol FMP samples con-
tained, in the same size range, n=3391, 4117 and 4465
red PE fragments, respectively. Recovery in FMP sam-
ples 1, 2 and 3 was estimated at 47.2, 55.8 and 54.3%,
respectively. Average recovery of all spike MPs was thus
estimated at 52.4+3.8% (Fig. 8). No significant correla-
tion between MP size and recovery could be established.
MP size distribution remained relatively stable across
the entire size range. Recovery of the smallest size group
(5—10 pm) showed the largest deviation from the mean at
62.8+6.2%. All data relevant to this experiment is avail-
able in the supporting information 2 (SI12).

Discussion

Interpretation of results

Recovery experiment

While our findings indicated that there was no correla-
tion between the recovery of MPs (5-500 pm) and size,
aspect ratio (<3) and level of circularity, this disassocia-
tion could not be validated by our statistical tests. Despite
this, the implications of our results suggest that the likeli-
hood of a MP fragment adhering to glass apertures, filter
membranes, or other containers during sample treatment
is similar irrespective of morphology.

The available literature presents inconsistent inter-
pretations regarding the correlation between MP size
and recovery. While it is generally agreed that MP loss
increases as particle size decreases, some studies contra-
dict this notion. For instance, an experiment conducted
by Hurley et al. 2018 [16] reported no difference in the
recovery of large (850-1000 um) and small (425—-500 pm)
PE beads.

Average MP Recovery
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Wolff et al., 2021 [40] reported that recovery was not
dependent on size by introducing fluorescent PE beads
in size ranges of 22-27, 45-53, and 90—-106 um into the
samples.

Similarly, Vollertsen and Hansen, 2017 [41] observed
no significant difference in the analytical recovery of 100
um PS spheres and 80-150 um PE fragments. In fact,
another study [24] reported higher RR for the smallest
microplastic fraction, which aligns with the results of our
experiment on MP recovery in trout muscle tissue.

It is important to note that particle loss can result from
factors beyond the mere adhesion of particles. Over-
saturation caused by the application of a solution with a
concentration of spike MPs can lead to excessive parti-
cle agglomeration, resulting in an overestimation of the
quantity of larger MPs and, more frequently, an under-
estimation of smaller particles. To avoid uncertainties in
the absolute quantification of initially spiked MPs [17],
it is advisable to spike samples with precise quantities of
MPs by placing them on a filter and counting them before
flushing them into the sample.

Recovery may also be affected by partial or com-
plete disintegration of synthetic polymers in com-
bination with specific chemical reagents [42]. It has
been observed that bases, acids and oxidants become
increasingly efficient at decomposing plastics with
increasing temperatures [43, 44] and it is reasonable to
assume that smaller MPs are more susceptible to partial
or complete disintegration due to higher surface area to
volume (SA:V) ratios. Temperatures should be limited
to 50°C to remain within the heat deflection limits of
common MPs [2, 45]. Furthermore, different types of
sample matrices and resulting pre-treatment protocols
will also affect the recovery of MPs [5, 46]. From per-
sonal experience we recognize that increasingly organic

Average pre- and post processing size distribution
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Fig. 8 The diagrams display (left) average RR of FMP fragments at a spatial resolution on the order of 5 um. Average recovery was estimated

at 52.4+3.8% and was largely independent of particle size, with the exception of a noticeable higher RR in the 5-10 um range. This augmented
recovery resulted in a relative concentration enhancement of the smallest size fraction depicted in the histogram (right) displaying average MP
size distribution, pre- and post-sample processing. This concentration enhancement may be the result of particle agglomeration and/or particle

breakup during sample manipulation
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rich and complex mediums will negatively affect recov-
ery because (i) they require more intricate laboratory
treatment, thus increasing the number of transfer steps
and (ii) if complete matrix removal is not achieved,
MPs may be concealed, agglomerated or removed with
the matrix. MP concealment and agglomeration is par-
ticularly relevant for smaller particles [21] and this
interpretation was also supported by our experimen-
tal data, that showed a strong correlation between RR
and A%, where RR=-8.7-A%+ 115 (R>=0.8) (Fig. 7).
The equation shows that RR decreases as a function of
increasing A%. Results of this study demonstrate that
it is unadvisable to saturate more than 5% of the area
of filter intended for microscopic analysis, in order to
avoid an additional loss of particles.
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The width of the primary RR population of SMPs was
1.6 times wider than of FMPs (Fig. 7), which may be
linked to decreasing RR with increasing A%, and could
explain why std. dev. is generally higher above in SMPs.
The much smaller FMP fragments occupied considerably
less surface area than SMP fragments, and as a result, no
correlation between A% and RR could be established for
FMPs. To better understand what processes link MP loss
and A%, Fig. 9 visualizes the distribution of MPs, follow-
ing each individual transfer for both FMPs and SMPs.

The histograms illustrate that the distribution of par-
ticles across size groups, show very little variation. This
again indicates that individual particle size has little to no
influence on RR. for SMPs however, when A% decreased,
the concentration of the smallest size fraction generally
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Fig. 9 Histograms visualizing the MP distribution within specified size groups, following each individual transfer. legends refer to the filter area
occupied by particles (A%). Size distribution of MPs remains relatively stable following four successive transfers, yet SMPs display an increase

in the smallest size fraction with decreasing A%. As a general trend, this tendency was not observed in FMPs and may therefore be linked

to excessive A%, leading to increased probability of particle agglomeration and concealment
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increased in all three experiments. While this appar-
ent trend was not observed in FMPs, we hypothesized a
link between high A% and increased probability of par-
ticle overlap, concealment and agglomeration (Fig. 10),
thereby reducing the analytical recovery of the smallest
MP fraction.

Potential breakup of MPs could be a cause of concen-
tration enhancement of the smallest size fraction; how-
ever, the sampling protocol was very mild and general
concentration enhancement was not observed in the
for FMPs in the general recovery experiment. Together,
these processes may further contribute to increased
uncertainty of RR for SMPs (Fig. 5).

MP recovery in trout muscle tissue

By spiking three individual trout muscle tissue samples
and performing an extensive protocol for MP isolation,
an average RR of 52.4+3.8% was established. Because
we spiked with thousands of MP fragments from 5 to 50
um, we were able to determine the analytical recovery
within specified size groups with low uncertainty. Using
this approach enables more precise and environmentally
relevant estimations of MP recovery. The proof-of-prin-
ciple samples indicate the benefits of employing a pre-
cise number of MP fragments for recovery experiments,
instead of relying on solutions with estimated concentra-
tions of spike particles.

We suggest an individualized size-discriminating
approach to recovery estimation, where RR is determined
within specified size groups. However, if the difference in
RR between size groups is insignificant compared to the
overall std. dev., then it would be sufficient to apply the
average RR to all MPs.
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In this experiment, average RR of MPs in the 5-10
pum size range was noticeably higher (62.8+6.4%) than
the overall average RR of 52.4+3.8%, resulting in a rela-
tive increase in the proportion of the smallest size group
(Fig. 8). This increase could be the result of particle over-
lap, concealment and agglomeration, yet A% was only
1.3 and 0.6% before and after the protocol, respectively.
Therefore, according to Fig. 9, A% should not be influen-
tial on RR. It is also possible that the increase was derived
from the breakup of particles during sample preparation
[41]. If so, then it must also be true for the environmen-
tal MPs within. The individualized size-discriminating
approach thus enables the correction of MP breakup dur-
ing sample preparation, which would otherwise lead to
overestimation of smaller size fractions.

Study limitations

Recovery experiment

We recognize that the large RR uncertainty for both
FMPs and SMPs could be linked to the fact that particle
loss during sample manipulation is heavily influenced
by randomness. Combined with this high degree of
coincidence, the uncertainties of our statistical analyses
could be due to a lack of data so a higher number of rep-
licates would likely have decreased the margin of error.
Therefore, it would be interesting to increase the num-
ber of transfers to determine whether statistical validity
improves. It would also be beneficial to increase micro-
scopic size resolution in order to enable better identi-
fication of smaller particles as well as discrimination
between individual particles in close proximity. Further-
more, it could be relevant to experiment with individual
stages of a typical MP protocol i.e. digestion, density

Fig. 10 Photomicrographs visualizing the difference between the potential of particle overlap, concealment and agglomeration when (A)
A% =6.3% versus (B) A%=2.0%. Red rings indicate episodes where smaller particles have agglomerated onto larger particles, thereby causing
underestimation of the number of smaller MPs. When the filter is less charged, this is probabilistically less likely to occur
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separation, etc., in order to determine their respective
impact on MP loss. The color of the spike particles may
also have an effect on the analytical recovery. Comparing
the recovery of the same protocol using different colored
particles within the same size range, could be interesting
to help determine which color is best suited for recovery
experiments of this nature i.e. optical microscopy.

The current study only considered the recovery of plas-
tics with densities below 1 g/cm?®i.e. PE and PP. These
polymers were deliberately chosen due to simplicity and
because they comprise 50% of all plastic production [47].
Additionally, PE is the prevailing plastic found in envi-
ronmental samples within this size range [12, 48]. How-
ever, the intrinsic properties of plastics may influence
their analytical recovery and the recovery of individual
polymers may vary depending on the protocol of choice
and the chemical reagents applied. Additionally, during
sample treatment, the matrix in question may interact
with the polymers within. Therefore, it is possible that a
relationship between MP size and RR could exist under
specific conditions; distinct from the current experi-
ment conducted in a water medium, and later fish muscle
tissue.

MP recovery in trout muscle tissue

To increase homogeneity of RR between the three repli-
cates, the trout muscle tissue samples were spiked with
5 mL of FMP solution and the filters were investigated at
a higher microscopic resolution compared to the general
recovery experiment. A comparative reduction in std.
dev. was successfully achieved but an elevated number
of particles may have contributed to higher probabil-
ity of particle agglomeration prior to sample treatment.
Agglomeration leads to positive bias in the concentration
of larger MPs and an even more pronounced negative bias
in the concentration of smaller MPs. Up-concentration

A% = 2.5%
A

5 mm

—_—

4.7%
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of small MPs was not observed in the general recovery
experiment using the same red PE fragments and may
thus be linked to oversaturation of the filter. However, the
A% was relatively low (<1.3) and as opposed to the gen-
eral recovery experiment, FMP spikes were here exposed
to strong bases and oxidants. As a result, it is also possi-
ble that this concentration enhancement was completely
or partly due to particle breakup during sample pre-treat-
ment. For future reference, spiking with half the number
of FMP particles, corresponding to A% <0.7, would likely
be sufficient in order to retain statistical significance
whilst reducing the potential for particle overlap, con-
cealment and agglomeration as illustrated in Fig. 10.

Recommendations and future considerations

Limiting the particle area coverage on the filter intended
for microscopic analysis is already suggested and prac-
ticed [49, 50] but no recommendation on a threshold
value has yet been proposed. We therefore, suggest based
on our findings, that A% on any filter intended for micro-
scopic analysis of SMPs, should not exceed 5% of the total
area of the filter. If this threshold is respected, particles
should have sufficient spread to reliably represent MPs
of all size ranges, whilst decreasing the probability of a
significant, additional loss. Figure 11 displays a range of
complex environmental samples along with their respec-
tive A% following complete sample pre-treatment.

We encourage limiting the amount of sample to treat,
to avoid producing ‘filter cakes’ [51, 52] between trans-
fers. As MP recovery is also largely influenced by coin-
cidence, we recommend that RR should be based on the
average recovery of at least three spiked samples. RR
must be determined for any specific protocol and spike
MPs must be suspended in the relevant sample matrix
material. Samples should be spiked with a known num-
ber of MPs with known sizes and at a quantity that does

Fig. 11 Photomicrographic mosaics captured under darkfield illumination of pre-treated sphagnum moss samples on 25 mm filter membranes. All
particles have been visually isolated from the filter background. This figure serves as a visual guideline for target A%, which should not surpass 5%
on filters intended for microscopic analysis of MPs below 500 um in diameter. A% is acceptable for samples (A) and (B), whereas (C) should not be

analyzed
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not invoke filter supersaturation [53]. If the use of frag-
ments is unfeasible, it would be beneficial to replicate the
recovery experiment with two groups of different size
ranges of MP spheres or beads [17, 40].

Knowing that MPs interact by Van der Waal’s force [54,
55] and static electricity [56], it is reasonable to assume
that fragments exhibiting high SA:V ratios are more
prone to adhesion than spheres and beads. Considering
that the vast majority of MPs (<500 pum) found in natu-
ral samples are fragments or films [20, 57-59], it would
be highly relevant to employ the use of fragments instead
of beads or spheres for MP recovery experiments [60].
However, depending on the dominant MP morphology in
a given sample matrix, spiking with fragments may not
always be comprehensive. For instance, it is not unrea-
sonable to assume that fibers and fragments may behave
differently from one another during sample treatment.
Recovery experiments should be designed to replicate the
conditions of the original sample. Therefore, if the sample
contains both fibers and fragments which are morpho-
logically dissimilar, it may be beneficial to determine the
individual recovery of each morphological type.

A promising technique with the potential to improve
the accuracy of dosing and production of reference MPs,
is laser microdissection pressure catapulting (LMPC)
[61]. Yet, the technique is still relatively slow, dosing at 1
MP/minute. The synthesis of metal-doped plastics [62] is
an ingenious way of determining the mass of recovered
plastics, even on the nanoscale. The technique however,
does not provide morphological information on the indi-
vidual particles. However, by combining these methods
and performing darkfield microscopy on doped MPs,
more accurate recovery data may be obtainable. Ongoing
research is crucial to enhance our analytical techniques,
enabling us to attain more accurate assessments of envi-
ronmental microplastic pollution [4, 8, 63].

On the basis of our findings and those of other stud-
ies [6, 8, 49, 50, 53], we suggest that MP recovery
experiments should try to respect the following recom-
mendations: (i) The precise number of initially added
spike MPs should be known. (ii) The recovery experiment
should be replicated at least three times. (iii) Spike with
a significant number of fragments in different sizes, in
order to establish RR within specified size groups. If the
use of fragments is not feasible, spike with at least two
different size groups of spheres or beads. (iv) The size of
the spike MPs should match the approximate size of the
relevant environmental MPs.

Conclusions

Based on data from twelve transfers between filters, liq-
uids and inversely, the average recovery rate (RR) of poly-
ethylene (PE) and polypropylene (PP) microplastic (MP)
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fragments in the 5-500 pum size range was estimated at
80+26%. Statistical analysis indicated that there was
insufficient evidence to suggest any correlation between
RR and particle size (0.11, p-value=0.11, n=216).
Although this apparent disassociation could not be vali-
dated by our statistical tests, the experiment indicated
that the recovery of MPs (<500 um) was largely inde-
pendent of size, aspect ratio (<3) and level of circularity.
These results imply that the probability of whether a MP
fragment will adhere to glass apertures, filter membranes
or other containers during sample treatment, is similar
irrespective of morphology.

Sample treatment of a spiked proof-of-principle trout
muscle tissue sample did however, exhibit an elevated
RR in the smallest size group (5-10 pm) of 63 6%, com-
pared to the average RR of all particles (5-50 um) of
52 +4%. This led to a relative concentration enhancement
of the smallest MP fraction which may have resulted from
particle overlap, concealment and agglomeration due to
spike MP oversaturation of the initial filter but could also
stem from particle breakup during sample pre-treatment.
Regardless of the cause, this individualized size-discrimi-
nating approach has the capacity to enable the correction
of potential particle breakup which would otherwise lead
to overestimation of the smaller size fractions.

Furthermore, independent of particle size, RR is
strongly affected by excessive particle filter coverage
(A%). If A% remains below 5%, MPs should have suffi-
cient spread to reliably represent all present size ranges
whilst avoiding excessive MP loss. We therefore strongly
advice against exceeding A% >5% on any filter intended
for microscopic analysis of MPs (<500 pm). Finally, we
suggest that MP recovery experiments should try to
respect the following recommendations: (i) The precise
number of initially added spike MPs should be known.
(ii) The recovery experiment should be replicated at least
three times. (iii) Spike with a significant number of frag-
ments in different sizes, in order to establish RR within
specified size groups. If the use of fragments is not feasi-
ble, spike with at least two different size groups of spheres
or beads. (iv) The size of the spike MPs should match the
approximate size of the relevant environmental MPs.

Abbreviations

MP Microplastic

FMP Fine microplastic
SMP Small microplastic

RR Recovery rate
AR Aspect ratio
A% Percentage of filter covered by particles

PE Polyethylene

PP Polypropylene

PVDF  Polyvinylidene fluoride
PFA Perfluoroalkoxy alkane
FTIR Fourier-transform infrared
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