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Abstract.
BACKGROUND, Different preservation media used on fish samples may influence the digestion of organic matter for
microplastic (MP) particle detection. Comparison of fresh and conserved fish is thereby problematic.
OBJECTIVE, For quality assurance purposes and comparability of MP research, a method for digestion of preserved tissue
like intestine with little impact on most MP particles was implemented.
METHODS, Conserved fish samples were digested using SDS, KOH and Fenton’s reagents. The effect of the different
chemicals used on different MP particles was then analyzed using Raman hit quality. Therefore, different filter materials
were investigated using PMMA particles.
RESULTS, Moist grided nitrocellulose filter was found best suited for this study. The effects of this digestion protocol
on different polymer particles differed among polymers. Two of the used polymer particles dissolved during SDS + KOH
treatment. PVC hard showed the highest loss of Raman hit quality (29.5 %). Some fish showed residues of sand or chitin
from insects depending on their feeding strategy which could not be digested using this protocol.
CONCLUSION, Not every polymer could be detected reliably using this protocol. For residues like sand or chitin, a density
separation and enzymatic chitin degradation using chitinase may be needed, which could be implemented into this protocol.

Keywords: Microplastic analysis, ingestion, preserved fish, preparation, recovery, digestion methods, Raman spectroscopy,
digestive fish tract

1. Introduction

Plastic pollution is increasingly becoming a major global environmental issue, which is due to the
various physical, chemical and biological degradation steps that change larger fragments of plastics
into micro- and nanoplastics [1, 2]. Microplastics are ubiquitous environmental contaminants and a
hazard for vast numbers of organisms [3–10] and their eco-systems [11–20]. For example, polystyrene
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microplastic particles were found to penetrate the blood-brain barrier in mice [21] and produce inflam-
mation and other lung-injuries in rats [22]. Humans, the responsible agents for this environmental
contamination, are also afflicted by this problem of micro- and nanoplastic contamination as microplas-
tics have been found in human stools [23], lungs, [24] and blood, [25] and are suspected to be able
to penetrate the placenta [26]. Although several studies have been conducted on ingested plastics in
marine fish [27, 28], seafood [29, 30], bivalves [31] and other sea life [30, 32] there has been relatively
little research carried out on microplastic in freshwater ecosystems and organisms [33–36].

Before the analysis of the micro- and nanoplastic particles can proceed, the associated biological
matrix must be removed. To this end, differing methods incorporating both enzymatic and chemical
agents were used [37–40]. Existing methods for the extraction of microplastic from bivalve tissues
were considered and evaluated for use on our fish samples [38]. The use of acids was not considered
due to their ability to corrode some plastic types. The authors Thiele et al concluded that 10% KOH
(potassium hydroxide) would be the most suitable digesting technique for bivalves, especially in
comparison to enzymes and H2O2 (hydrogen peroxide) because of its alkaline cleavage of fats and
proteins which leads to a high efficacy (>95%) without damaging most plastic types [38]. Another
research group published a validation of microplastic extracting methods identifying Fenton’s reagents
as the best and KOH solution as unsuitable for removing organic matter in microplastic studies. This
statement is based on the resistance of cellulosic and chitinous material to dissolution by KOH and the
degradation of some of the investigated plastic types [39]. Recent work on microplastics in riverine
fish successfully employed wet peroxide oxidation with Fe(II)sulfate (Fenton’s reagents) as a catalyst
to dissolve organic material [34]. Masura et al. give a detailed description of the synthesis procedure
and the application of the Fenton’s peroxide digestion protocol [41].

To date only one publication has been conducted so far on preserved freshwater fish [42]. Perspecti-
val no publication on biological tissue like human or other animal has been conducted. Thus, there are
currently no known data on whether existing extraction methods are suitable for micro- and nanoplastic
analysis in preserved biological samples such as fish, insects, other animals, and humans. As microplas-
tic (MP) particles were found in human lungs [43], stool [23], blood [44], and placenta [26], these data
would be of great interest regarding preserved human samples to detect MP particles and to compare
their occurrence in human tissue over time. Furthermore, it is not known whether and how the different
compositions of preservation and fixation materials influence the micro- and nanoplastic analysis in
terms of detachment from the tissue, degradation, morphology, detection, and characterization with
methods such as thermal desorption gas chromatography-mass spectrometry (TDS-GC–MS) [45, 46],
Transform Infrared Spectrometer (FTIR) [47–49], Raman spectroscopy [50, 51] and other methods
like fluorescence lifetime imaging microscopy (FLIM) [52–54].

Extensive collections of preserved fish at different institutes such as the Tennessee Aquarium natural
history collections (TNACI) provide an important window into past MP pollution that spans decades
and can potentially provide trends in pollution over time. Ingested MP found in fish guts can be
considered as a MP pollution indicator of freshwater systems [35]. The type of chemicals used by
ichthyologists in the preservation process can affect the tissues, cells, and proteins of the organism. It
is reported that the small formaldehyde molecule with its electrophilic character can easily penetrate
into tissue to form covalent cross-links with structural proteins, where it builds protein-DNA or other
complex structures causing higher molecular weight aggregates with higher density so that fixation in
the tissue is achieved [55–57]. During this crosslinking process between functional reactive side groups
like amido, guanidine, thiol, phenol, imidazolyl and indolyl of the polypeptides strong methylene
bridges are formed [58–63]. These reactions and cross-links between biomolecules can potentially be
problematic for the enzymatic as well as chemical digestion of biological samples.

As these two digestion methods may interact with the plastic particles, these methods had to be
analyzed regarding their effects on plastic polymers. Therefore, in this study the two digestion methods



F.L. Avila et al. / Digestion of preserved and unpreserved fish intestines for microplastic analysis 3

Table 1

Feeding strategy of different fish caught at the Tennessee River

Fish type Standard Length (SL) Feeding mechanism

Bluegill 82.4-15.8 mm Sight feeder
Carp 546.1–590.6 mm bottom feeders but also eat aquatic plants
Channel Catfish 396.8–463.5 mm some are bottom feeders (but not exclusively bottom feeders)
Gizzard Shad 196.9–260.4 mm primarily a filter feeder and bottom feeder
Largemouth Bass 190.5–349.3 mm sight feeder, takes food from the surface, in the water column and off the

bottom.
White Bass 288.4–325.2 mm visual feeders

were scrutinized in order to detect any impact on the polymers. The effect of the conservation and
digestion reagents (Fe(II) and H2O2) on MP particles was not investigated in the work by Hour et
al. [64]. We therefore investigated any potential influences of these reagents, including KOH, on MP
polymers in detail.

To determine any impact of the digestion processes on the MP particles, fresh fish samples, conserved
fish samples and untreated MP particles (virgin) serving as control materials were digested using a
combination of KOH and Fenton reaction with heat-treatment. Afterwards the samples were filtered,
washed with ethanol (95 %) and dried at 60◦C. The MP particles could then be detected using Raman-
spectrometry.

2. Materials and methods

2.1. Sampling of fresh fish and feeding mechanism

The freshwater fish, Bluegill (Lepomis macrochirus), Carp (Cyprinus carpio), Channel Catfish
(Ictalurus punctatus), Gizzard Shad (Dorosoma), Largemouth Bass (Micropterus salmoides) and White
Bass (Morone chrysops), were caught via electrofishing (Supporting information Fig. S1) from the
Tennessee River, 1 mile upstream from the Suck Creek (n = 24). The fish were measured regarding
their length (standard length SL from 82.4 mm to 590,6 mm in Table 1). The 6 tested fish species do
have different feeding strategies related to depth (Table 1) possibly resulting in variations in the MP
contamination levels [65].

2.2. Reference material

The different plastics acrylonitrile-butadiene-styrene copolymer (ABS – Novodur P2MC, Bayer),
Cellulose acetate CA (Millipore™, Merck KGaA, Darmstadt, Germany), polyamide (PA - BASF SE,
Ludwigshafen, Germany), polycarbonate (PC – Makrolon HP 501 H, Basel), polyethylene (PE - BASF
SE, Ludwigshafen, Germany), polyethylene terephthalates (PET – Plastic bottle, transparent), poly-
lactides (PLA – plastic drinking cup), polymethyl methacrylate (PMMA - Spheromeres, Microbeads
AS, Skedsmokorset, Norway), polypropylene (PP – Moplen HP 501 H, Basel), polystyrene (PS -Duni
GmbH, Bramsche, Germany), polyurethane (PU -MINIWAX, fast-drying polyurethane, clear gloss,
Walmart), polyvinyl chloride hard (h) and soft (s) (PVC - BASF SE, Ludwigshafen, Germany) and
styrene-acrylonitrile copolymers (SAN – Lustran. INEOS Styrolution) were included in the study as
reference materials. These plastics were selected based on their environmental relevance, different
chemical resistance to acids, oils and solvents, and different stability to UV radiation. The defined
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cross-linked mono sized PMMA beads (data sheet in the appendix) were included in all parts of the
study with a defined size distribution of 15 �m, 30 �m, 40 �m and 60 �m.

Thin film production
For quality assurance, the influences of various treatments such as the preservatives were tested for

their effect on the various plastics and their ability to be identified with the Raman. For this purpose,
thin film sections with a film thicknesses of 50 and 100 �m were produced from 13 types of plastic via
microtomy (RM2255, Leica). The thin film plastics ABS, SAN, PA, PC, PE, PLA, PP, PS, PET, PU,
PVC (hard & soft) were only included in the investigation in chapter 2.4 (Influence of the preservative
on different plastics).

2.3. Sample preparation of fresh and preserved fish

The fresh fish samples were frozen after dissection of the digestive tracts in contrary to the preserved
fish samples (see Supporting Information Fig. S2). Several types of preserved fish samples (Bighead
Carp, Hog Sucker, Striped Shiner, Gizzard Shads, Flathead Chub) with a standard length between
64 mm and 120 mm were investigated in order to determine the most effective chemical digestion
protocol for their guts (gut weight between 90 mg and 1215 mg). The preserved fish were stored
mainly in 70% ethanol over years or 50 % isopropanol once they have finished the first preservation
step in a 10 % formaldehyde solution (Fisher Scientific). For the formaldehyde solution one part of
full-strength formaldehyde (37 % formaldehyde by weight (stabilized with 12 – 15 % methanol) equals
100 % formaldehyde) was diluted in ten parts of river water. For fish longer than 100 mm a stronger
mixture was used (1:1 Formaldehyde: water) or an incision was made in the stomach walls in order
to preserve the stomach and intestines. The formaldehyde was removed after at least two weeks by
soaking the fish in freshwater for two or three days during which time the water was changed several
times. After that the specimens are stored first in 50 % isopropylalcohol or 70 % ethylalcohol for which
95 % ethyl alcohol in either a 55-gallon (208.2 L) metal drum or 5 – 20-gallon (18.9–75.7 L) plastic
drum was diluted to 70 % using tap water and a hydrometer adjusting the temperature of the liquids.
Many collections, including the one from Tulane University, store the samples in 50 % isopropanol
rather than 70 % ethanol. As ethanol is better suited for a long-term preservation of fish samples, most
museums including Tulane replaced the isopropanol with 70 % ethanol in the 1990 s and early 2000 s.

2.4. Influence of preservative and digestion chemicals on different plastics

An important consideration when examining preserved fishes for contamination with micro- and
nanoplastics is whether these can still be identified and characterized with appropriate methods after
a specified exposure time in the preservative. For this reason, the detection rate of the particles after
digestion must be tested as a control for the experiments and also to determine whether the preservation
has an influence on the morphology or the spectral identification. Although it has been established that
the aging of the plastics can generate spectral variations [66], the behavior of plastics that have been
exposed to light or not exposed to light and have been in contact with the preservative solution is not
known.

To investigate these factors in more detail, the thirteen plastics (2.2 thin film production) were
treated to conditions comparable to those in preserved fish samples (2.3 Sample preparation of fresh
and preserved fish). De-ionized water was used after the treatment with 10 % formaldehyde and the
polymers were transferred into 50 % isopropanol for a minimum of 2 weeks with a small amount
of formaldehyde (1:100) to replicate residual formaldehyde left in specimens after washing with
de-ionized water. Afterwards the specimens were again rinsed in de-ionized water. The water was
exchanged for 70 % ethanol for a minimum of five months without formaldehyde and dried at room
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temperature. The particles were then examined for significant differences in morphology and spectral
conditions under the Raman microspectrometer and compared to the time zero results.

2.5. Digestion and extraction

Different reagents (Fenton, KOH, H2O2) were tested for their efficacy in the digestion of samples.
Some of these reagents were ultimately combined (Fig. 1).

Three gut specimens (200–770 mg) from Flathead Chubs (Platygobio gracilis; origin: Pecos River,
Guadalupe, New Mexico, March 2014, SL 92–103 mm) were treated with a mixture of Fenton’s
reagents (20 ml Fe (II) sulfate solution (AppliChem GmbH, Darmstadt, Germany); makeup procedure:
7.5 g FeSO4·7H2O (AppliChem GmbH, Darmstadt, Germany) in 500 ml water, 3 ml conc. 96 % H2SO4)
and hydrogen peroxide solution (30% (w/v), (AppliChem GmbH, Darmstadt, Germany). The start of
the reaction is noticeable by the appearance of gas bubbles (caution: the oxidizing reaction could
lead to a strong foaming with overcooking even without heating, so the amount of MP could differ
because of attachment to the glass wall or leaving the receptacle. After the reaction slowed, the solution
was heated at 75◦C for an hour on a hotplate while stirring. Another 20 ml of peroxide were added
and heated again if organic material was left in the beaker. Once again, 20 ml of hydrogen peroxide
(AppliChem GmbH, Darmstadt, Germany) were added and heated for 12 hours. The intestines of all
three gut samples were still visible and showed no signs of chemical degradation.

The samples were filtered afterwards on a grided nitrocellulose filter (0.45 �m pore size, Sartorius)
using a vacuum system (weights of the three samples with the filter: 80.1 mg, 80.5 mg, 80.2 mg). The
filters were washed with ethanol 95 % (Fisher Scientific) and dried for 12 hours (60◦C) (weights: 8.8 mg,
60.3 mg, 12.9 mg). If further contamination occurs, density separation or enzymatic chitin degradation
using chitinase could be used followed by Raman spectrometry or further analysis methods (Fig. 1).

2.6. Evaluation of digestion efficacy

As some of the chemicals used could degrade MP particles the digestion efficacy has to be tested.
Therefore, the weight of the sample (gastrointestinal tracts) must be related to the removal of organic
material. The following equation was used to calculate the relative removal of organic material
expressing the efficacy (%) of de digestion process (1).

Efficacy (%) = 100 − Dry weight on filter paper (g) ∗ 100

Wet weight entire gut tissuee (g)
(1)

The dry weight on filter paper represents the filtrate after filtration and washing steps and the wet
weight entire gut tissue stands for the sample weight before the filtration.

Accumulation of undigested organic material (gut tissue) on the filter material, results in a lower
efficacy and, could negatively affect the study of MPs in fish guts. As a result efficacies above 95%
were attempted.

2.6.1. Density separation
To separate possible solid components after the Fenton reaction (see Fig. 3B), another Fenton reaction

can be conducted, or interfering components can be removed via a density separation. To adjust the
solution for the density separation with a density of 1.54 g/cm3, zinc(II) chloride (Acros Organics,
Geel, Belgium) was used. This value was chosen to achieve a quick separation of the polymers. PET
displayed the highest density of all polymers observed with 1.4 g/cm3 and sand had a density between
1.8 and 2.2 g/cm3. Here, 10 g, 15 g and 20 g of zinc(II) chloride were added to 20 mL of deionized water
(density = g/cm3), respectively, and the change in density was measured in triplicates using a balance
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Fig. 1. Schematic representation of the treatment process of the developed method.
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Table 2

Listing of the filter materials used for Raman analysis with their corresponding properties and information on the
manufacturer. *PMMA particles (60 �m) on polycarbonate filter are detected as PET

Filter material Properties Manufacturer

Anodisc (Al2O3) 0.2 �m pore size, 25 mm diameter Whatman
Cellulose acetate 0.45 �m pore size, 47 mm diameter Millipore
Cellulose nitrate backside & gridside 0.45 �m pore size, 47 mm diameter Sartorius
Glass fiber 1.6 �m pore size, 47 mm diameter Whatman
Polycarbonate* 0.4 �m, 47 mm diameter Whatman
Steel 10 �m pore-size, 47 mm diameter Haver & Boecker

(Sartorius, Göttingen, Germany) and a volumetric glass cylinder (Pyrex, Sigma-Aldrich, Missouri,
US) and documented (Supporting information Fig. S3).

2.7. Selection of suitable filter materials for spectroscopic identification of MPs

Another important aspect that was focused on this study was the composition of the filter that would
work best for the Raman analysis. The composition of the filter can have an influence on the hit quality
of the analysis and thus on the determination of the type of plastic. We also investigated to what extent
five months of preservation and subsequent extraction in combination with different filter materials
had on analytical results. To that end, six different filter materials were included in the analysis and are
listed in Table 2 together with the manufacturers. For a relevant statistical comparison, in each case
triplicates of the reference plastics (PMMA) were examined on the different materials with Raman
microspectroscopy. Supporting information Fig. S5 shows PMMA particles on cellulose nitrate filter
before and after Raman analysis demonstrating the burned filter after measurement.

2.8. Contamination prevention

Reducing contamination during sample preparation and analysis is of paramount importance. To limit
contamination, no synthetic gloves were worn during sample manipulation, extraction, or transfer of
the different materials for Raman analysis. Furthermore, only 100% cotton clothing and pink 100%
cotton lab coats were worn. The working surfaces were cleaned before and after work. The equipment
for the preparation and extraction was washed in a dish washer, then rinsed with 70% ethanol with
deionized water and dried. The deionized water was filtered two times to remove MP contamination
from the filtration system. The lab room were accessed only by required personnel. Sample preparation,
extraction, and the transfer to the different filter materials for the Raman analysis were performed under
a laminar flow cabinet.

2.9. Statistics

Statistics on the quality (hit quality) of Raman measurements were performed in three measurements
of each sample (filter) at variable locations on the treated plastic. Statistical analysis of the generated
spectroscopic data was performed using GraphPad Prism 9 statistical software ((version 9.4.0), Graph-
Pad Software, Inc. San Diego, USA). First, we tested the null hypothesis of the mean values (hit quality)
of Raman measurements within individual groups of treated plastic with a one-way ANOVA (Supple-
mentary Information Table S1). This permitted a significant differentiation of the treatments and their
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Table 3

Listing of the Raman hit quality data from different filters (triplicates) (view table 2)
showing the mean of single spectra with standard deviations (SD,±)

Material Single spectrum Mean+ SD of
single spectrum

Anodisc (Al2O3) 447 413 302 387 (±62)
Cellulose nitrate gridside 653 732 671 685 (±34)
Cellulose nitrate backside 716 719 772 736 (±26)
Glass fiber 713 533 588 611 (±75)
Steel grid 818 694 597 703 (±90)
Steel 55 702 657 802 720 (±61)
Brass 761 685 677 708 (±38)

influence on the individual plastics and thus help determine which of the plastics used were unsuitable
for this method because of the possibility that they could not be detected or identified in later tissue
examinations. The critical value for significance was set at p = 0.05 for statistical evaluation for the hit
quality.

3. Results

3.1. Quality control

3.1.1. Selection of suitable filter materials for spectroscopic identification of MPs
Table 3 shows the Raman hit quality data of different filters (specifications shown in Table 2), for

the samples which were each run three times. Their mean and standard deviations (SD,±) are also
indicated. The steel grid filter, pore size 10 �m, shows the highest SD with 90, followed by glass fiber
(75) and anodisc (62), which demonstrates the smallest mean of Raman hit quality (387). Cellulose
nitrate gridside demonstrates the smallest SD with 34 then brass with 38. Cellulose nitrate backside
shows the highest Raman hit quality (736), thereafter steel 55 with 720 and brass with 708.

3.1.2. Influence of the preservative on different plastics
Figure 2 shows the Raman hit quality analysis of the different MP samples from Table 4. Remaining

polymer types are shown in supporting information Table S6. The statistical analysis was conducted
using Prism 9.4.0 showing the significance of the differences between the treatments using one-way
ANOVA. PP, PS and SAN showed no significant (ns) quality loss after all treatments even though the
treatments differed among each other for PP (extremely significant, p < 0.0001). ABS and PET show a
very significant (p < 0.01) change of hit quality among the three treatments, among which SDS + KOH
treatment display the greatest difference of all treatments (ABS virgin 828, SDS + KOH 966; PET
virgin 759, SDS + KOH 979). The remaining MP particles prove an extremely significant (p < 0.0001,
except PC p < 0.001) difference in hit quality among all treatments. PC and PLA particles dissolved
during the treatment with SDS + KOH, therefore new polymer particles were used for the Fenton
reaction.

The standard deviation (SD) of the triplicates is above 5 % for virgin PVC s (7.7%), SDS + KOH
PVC s (6.6 %) and PMMA conserved (5.3 %) (Table 4). Significant differences between treatments do
not necessarily indicate a loss of Raman hit quality, as in the case for PP virgin (881) and conserved
(986) or PA (virgin: 653, conserved: 748, SDS + KOH: 810, Fenton: 844). It was observed that PVC
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Fig. 2. Raman hit quality analysis of MP samples (triplicates) for all treatments (virgin, conserved, SDS+KOH and Fenton)
showing the mean and standard deviation. Significance of results using one-way ANOVA with Prism 9.4.0 is presented as:
NS: not significant, *: p < 0.05, **: p < 0.01, ***: p < 0.001 and ****: p < 0.0001.

h, PVC s and PMMA demonstrated an extremely significant loss of Raman hit quality, up to 29.5 %
for PVC h (PVC s: 18.3 %, PMMA: 11 %), suggesting that these were the most vulnerable polymers
tested in these settings regarding the Raman hit quality. PE shows a loss of Raman hit quality of 9.3
%, followed by PC with 8.3 % and PP with 3.6 %. The remaining polymers showed either extremely
significant loss of Raman hit quality or no loss at all. Complete data of ANOVA analysis are shown in
supporting information Table S1.

3.2. Digestion, extraction and evaluation of digestion efficiency

Figure 3 shows samples after KOH treatment (pH 2) (A) and partially digested intestines of Flathead
Chub after treated only with Fenton‘s reagent (B). In (C) residues of Striped Shiner are shown after
the chemical digestion protocol. (D) shows chitin residue from residues of Hog Sucker intestines that
were not decomposed by the chemical digestion protocol. The digestion efficacies of the images C and
D are shown in Table 5.

Table 5 shows the efficacies (%) of gut weight in mg of different preserved and non-preserved fresh
fish samples after the chemical digestion protocol. In these cases, silicate-removing density separation
and the chitinase enzyme were not employed. Cellulose nitrate filters were the most commonly used
filters on the samples. Flathead Chub (Platigobio Gracilis) was caught in 2003 in Pecos River Mexico
and conserved. Hog Sucker (Hypentelium nigricans) was caught in February 2020 in Tennessee River
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Table 4

Listing of the Raman hit quality data on MP samples (triplicates) showing the mean and
standard deviation (±) of different treatment steps of the chemical digestion protocol.

Total quality variation (%) shows difference in Raman hit quality between virgin
samples and post-digestion protocol (Fenton)

Polymer type Virgin Conserved SDS+KOH Fenton Total quality
type variation (%)

ABS 828 (±5) 938 (±9) 966 (±4) 878 (±17) +6
CA 469 (±4) 796 (±7) 527 (±5) 558 (±4) +19
PA 653 (±5) 748 (±16) 810 (±5) 844 (±4) +29.2
PC 799 (±4) 870 (±5) dissolved 733 (±10) –8.3
PE 947 (±3) 814 (±5) 821 (±2) 859 (±9) –9.3
PET 759 (±7) 786 (±39) 979 (±5) 813 (±4) +7.1
PLA 874 (±1) 917 (±27) dissolved 943 (±5) +7.9
PMMA 962 (±7) 806 (±43) 912 (±10) 856 (±5) –11
PP 881 (±2) 986 (±2) 916 (±6) 849 (±4) –3.6
PS 971 (±11) 969 (±4) 970 (±12) 973 (±6) +0.2
PU * * * * none
PVC h 772 (±10) 562 (±20) 505 (±5) 544 (±6) –29.5
PVC s 613 (±47) 599 (±12) 527 (±35) 501 (±24) –18.3
SAN 832 (±9) 830 (±6) 805 (±5) 821 (±16) –1.3

*PU not in Database but all four show identical peak pattern (ppt slights). Total quality loss shows
Raman hit-quality loss from virgin to post-treatment (Fenton).

Fig. 3. (A) Samples treated with KOH (pH 2). Intestines of Flathead Chub (B) after treatment with Fenton‘s reagents and of
Striped Shiner (C) and Hog Sucker (D) after chemical digestion protocol. (D) shows undecomposed insect chitin parts.
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Table 5

Digestion efficacies with their means and standard deviations (SD,±) for fish guts in mg, calculated using formula 1 (2.6)

Species Gut weight [mg] Efficacy (%) Mean (±SD)

Flathead Chub (Platigobio Gracilis) 571.8 99.63 98.26 (±0.84)
1214.5 98.17
624.3 97.85
607.7 97.37
944 90.84*

Striped Shiner (Luxilus Chrysocephalus) 250 96.48 97.64 (±1.12)
1070.1 98.79

Hog Sucker (Hypentelium nigricans) 671.2 91**

Flathead Chub and Striped shiner were preserved fish (caught in 2003), Hog Sucker was caught in 2020. SD was calculated
for uncontaminated samples (*, **) * for samples with a high volume of undecomposed chitin, and ** for samples with a
high volume of sand.

near Chattanooga. Means and standard deviations (SD) were calculated for different samples of the
same fish, except outliers with a high amount of chitin (*). All samples except outliers show a low loss
of efficacy below 3.52 %.

4. Discussion

4.1. Filter material analysis for MP detection

For contamination control no gloves were worn during measurement taking. This may have resulted
in impurities from the skin of researchers contaminating the filters and thereby interacting with the
Raman spectrometer. This could explain the differences in SD-values in Table 3.

The quality of the Raman analysis depends not only on the nature of the sample material but can also
be influenced by the type of filter that is used. For example, the combination of the polycarbonate filter
with the plastic PMMA lead the Raman to falsely identify the plastic as PET (Table 2). Additionally,
cellulose nitrate filters burned during Raman measurement (supporting information Fig. S5) when dry,
which is why only moist filters can be used. Oßmann et al. emphasize the importance of the filter
material in Raman spectrometry. The filter should ideally be unstructured, provide a high contrast
to the sample and not produce its own significant Raman spectrum [67]. An aluminium-covered PC
membrane was further identified as the best filter material for Raman analysis even though Käppler
et al. state a silicon filter is best suited to identify most polymer particles using Raman spectrometry
[68].

A further consideration involves the variable cost of the different types of filters. Appropriately
priced filters should be chosen based on the aims of the research and the level of measurement quality
needed. For this study, for example, the relatively inexpensive cellulose nitrate filters showed the
highest Raman hit quality (Table 3) and were thus quite suitable for analyses of MP.

4.2. Influence of chemicals on MP particles

The material group of plastics is very versatile and characterized by different types of plastics with
variable properties, including varying resistance (often specified in resistance lists) to known chemicals
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such as acids, oils, and solvents. When developing different methods of MP separation with different
process steps and chemicals, the influences on the material and on the quality of the subsequent
analyses must be checked as part of the quality assurance protocol. Within the scope of this work,
the preservation or conservation steps and the subsequent physical chemical digestion of the samples
were checked for the hit quality of the plastics. Single substances for the digestion step like KOH
[38, 69] and Fenton [39] have already been tested by several studies for their influence on MP, but in
this study a synergetic digestion process was developed which may have resulted in a combination of
effects on the plastics. Therefore, the Raman hit quality of different polymer types was analyzed after
different treatment steps (virgin, conserved, SDS + KOH and Fenton) (Table 4, Fig. 2 and Supporting
information Fig. S6). The differences in Raman hit quality between treatments such as CA (Table 4
and Fig. 2) may be a result of contamination of samples with proteins or lipids from human skin since
no gloves were used to reduce cross-contamination by latex. As PC and PLA particles dissolved after
treatment with SDS + KOH, new particles were used, which is why the significance level between
KOH and Fenton treatment are not comparable.

It should be noted that not every facility preserves fish samples in the same way as described in
this paper. Additionally, the procedure described here may not be appropriate for all conserved fish
samples and might affect MPs found in fish differently. Thus, the polymers found in preserved and
non-preserved fish which were digested using the protocol of this paper were scrutinized closely. The
influence of the chemicals used necessitate further investigation since the preserved samples were
between 20–60 years old and the control polymer particles in our experiments shown in Table 4 could
not be exposed to chemicals for that length of time. This presents the possibility that polymers already
strongly influenced by the conservation medium (e.g. PVC h) might even dissolve if exposed for longer
time periods. In this context further studies must be conducted to be fully able to compare preserved
and non-preserved fish regarding their polymer contamination.

Furthermore, the processes taking place in the digestive tract can influence plastic and therefore
the detection and identification of plastic particles. This consideration is beyond the scope of this
study. This potential eventuality was considered by Krasucka et al. in their paper “Digestion of plastics
using in vitro human gastrointestinal tract and their potential to adsorb emerging organic pollutants”
[70].

Chamas et al. confirmed that plastics undergo different degradation rates in different types of envi-
ronments, such as terrestrial or marine and used the specific surface degradation rate (SSDR) for
temporal extrapolation [71]. In terms of our study, it is unknown how the specific surface degradation
rate (SSDR) of plastics in the preservation fluids behaves over the years in museums, or how different
environmental influences such as temperature variations or sunlight and room light (UV radiation)
affect the samples.

On the other hand, it may be possible that due to tissue and biomolecule corona formation [72–74]
around the plastic particles, long-term stability and thus a direct influence on SSDR in the preservation
samples is achieved. A biomolecule corona on MP particles may influence the digestion efficacy of
chemicals and the analysis using Raman spectrometry. The influence of such coronas on spectrometry
methods needs to be further analyzed. Subsequently, the question remains open as to how the identi-
fication quality of the plastics from the samples behaves after long periods of time or under variable
environmental influences, as investigated by Fernández-González et al. [49].

In contrast to the methodology in the work of L. Hou et al. [42] we employed a digestion protocol of
SDS + KOH followed by Fenton‘s reaction. We also conducted an analysis of different filter materials,
leading to the best suited material for this study. In contrast to Hou et al.’s work, our study found that
grided filters were unsuited for Raman spectrometry analysis. Furthermore, the Raman hit quality of
different polymers after digestion was not reviewed as H2O2 was found to show no effect on most
polymers [75, 76].
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4.3. Efficacy of the digestion protocol

A method is assumed suitable with an efficiency of ≥95% [69] which is neither achieved with
only Fenton‘s nor with only KOH treatment (Fig. 3B, A). Only the combination of both methods in
this digestion protocol accomplishes the goal to efficiently digest organic matter (Fig. 3C). The high
amount of sand in the Hog Sucker (Table 5) results from their bottom feeding strategy. The sand cannot
be decomposed using our chemical digestion protocol which is why a density separation had to be
conducted for those samples. Platigobio Gracilis, (Flathead Chub), feeds predominantly on insects and
thus shows a high amount of undecomposed chitin (Table 5) leading to a loss of digestion efficacy
[78]. Figure S4 in the supporting information shows the sand residues on cellulose nitrate filter (A)
and chitin residues of Flathead Chub on steel filter (B).

For these residues an additional treatment step with chitinase (Fig. 1) could be added. These results
demonstrate that this digestion protocol is better suited to completely digesting organic matter than
Fenton‘s reagent alone. Since chitin is not present in human tissue, this protocol is suitable for use
in investigating human tissue and the additional step of using chitinase can be omitted. The effect of
chitinase on different polymers on its own or as an additional step following the digestion protocol
was not investigated here. In the publication by Kallenbach et al. it was shown that a protocol of KOH
and chitinase had an effect on different polymers like PET, which showed no negative effect to KOH
in this study (supporting information Table S4) [77].

Chitin or mineral particles can interfere with the MP particle identification using Raman spec-
troscopy, and this interference is dependent on the amount of contaminant. Therefore, further
purification steps may be needed to achieve a higher efficacy in case of sand or chitin residues, in
this case a density separation and the enzyme chitinase could be added. In this study the solid residue
amounts were negligible and therefore did not interfere with MP detection via Raman spectroscopy.
Instead of using the protocol of Kallenbach et al. (Protocol 1, KOH and Chitinase) which is known to
have an influence on several polymer species (protocol in Fig. 1) the gut samples could be soaked in
chitinase solution before usage of SDS and KOH [77] to further optimize digestion.

During this protocol, only intestines of fish were used and therefore experimentally only the influence
of preservation and effectiveness of the chemicals used during the digestion protocol on this kind of
tissue (intestines) and cell compounds was investigated. With which limitations this protocol may be
applied on other tissues remains to be investigated.

Furthermore, whether our results from fish intestines can be applied to mammals and their intestines
needs to be investigated. Different parts of organs from different mammals could be preserved and
statistically compared for the effectiveness of degradation using known methods which could be useful
for further MP analysis of different species.
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