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Liposome-mediated delivery

of challenging chemicals to aid
environmental assessment of
Bioaccumulative (B) and Toxic (T)
properties

Mafalda Castro & Dennis Lindqvist™

Standard aquatic toxicity tests of chemicals are often limited by the chemicals’ water solubility.
Liposomes have been widely used in the pharmaceutical industry to overcome poor pharmacokinetics
and biodistribution. In this work, liposomes were synthesized and used in an ecotoxicological

context, as a tool to assure stable dosing of technically challenging chemicals to zooplankton. Three
chemicals with distinctly different characteristics were successfully incorporated into the liposomes:
Tetrabromobisphenol A (TBBPA, log K,,, 5.9, pK,; 7.5, pK,, 8.5), chlorinated paraffin CP-52 (log K,,,,
8-12) and perfluorooctanoic acid (PFOA, pK, 2.8). The size, production yield and stability over time was
similar for all blank and chemical-loaded liposomes, except for when the liposomes were loaded with
10 or 100mgg~1 PFOA. PFOA increased the size and decreased the production yield and stability of the
liposomes. Daphnia magna were exposed to blank and chemical-loaded liposomes in 48 hour incubation
experiments. A dose-dependent increase in body burden in D. magna and increased immobilization
(LDs, =7.6ng CPs per individual) was observed. This confirms not only the ingestion of the liposomes
but also the successful internalization of chemicals. This study shows that liposomes can be a reliable
alternative to aid the study of aquatic toxicity of challenging chemicals.

Standard aquatic toxicity tests (e.g., OECD guidelines for the testing of chemicals) are valuable tools that help to
decrease uncertainty and increase reproducibility of results. Data originated from standard aquatic toxicity tests
are often used for hazard identification during environmental risk assessment of chemicals?. The most com-
monly used aquatic toxicity testing guidelines, both in regulatory and scientific contexts, have been published
by the Organisation for Economic Co-operation and Development (OECD). These guidelines were originally
developed for readily water-soluble and stable chemicals, and it has been historically difficult to accommodate
these tests for the whole range of chemicals in the marketplace®. The most problematic physical-chemical prop-
erties while performing aquatic toxicity testing are low water solubility (high log K, (> 6)), high volatility (log
K. > 1), pH sensitive speciation, and surface-active properties. Hydrophobic organic chemicals (such as poly-
chlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), and chlorinated paraffins (CPs)) are
traditionally difficult to test due to their low water solubilities, leading to lowered bioavailability and, therefore,
uncertain exposure in water*®. Passive dosing via silicone has been developed to accommodate this group of
chemicals, allowing stable water exposures at environmentally relevant concentrations’=*. Aquatic toxicity tests
of volatile chemicals such as siloxanes and kerosene present difficulties due to the chemicals tendency to evapo-
rate!®!!. Headspace passive dosing methods have been developed and validated for these type of chemicals, where
the chemicals are delivered to the water via air-water equilibrium from a saturated headspace''. pH sensitive
chemicals are problematic as the ratio between the conjugated acid- and base-form will differ with the pH. For
example, the water solubility of tetrabromobisphenol A (TBBPA) varies from 0.17mgL ™" at pH 3 (100% neutral
form) to 30.5mgL~! at pH 8 (when double negatively charged)'?. Lastly, amphiphilic chemicals such as per- and
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Figure 1. Physical characteristics of the blank and chemical-loaded liposomes. Stability over time (number of
liposomes at 0, 1 and 3 months after preparation, top) of the blank and chemical-loaded liposomes. The number
of liposomes per batch over time was used as a proxy for disintegration. Size distribution (%, 1 up to 10 pm
diameter, bottom) of the blank and chemical loaded liposomes at different concentrations: 50 and 100 mgg™!
CPs (bottom left), 4 and 50 mg g~' TBBPA (bottom center) and 5 and 10 and 100 mgg~' PFOA (bottom right).

polyfluoroalkyl substances (PFAS) are of particular complexity due to their simultaneous hydrophobicity and
lipophobicity.

Liposomes are thought to have been first discovered by the German bacteriologist Paul Ehrlich in the 1900s
and described as the “ultimate magic bullet”. Thereafter, these vesicles have been extensively studied in pharma-
ceutical sciences as drug carriers, as vectors to effectively stabilize therapeutic chemicals, and to assure cellular
and tissue uptake'>!*. Liposomes are spherical vesicles most often composed of a phospholipid bilayer with an
internal hydrophilic compartment (similar to e.g., cell vacuole). This structure allows a unique ability to trap both
lipophilic and hydrophilic chemicals. Theoretically, a lipophilic drug will be trapped in the hydrophobic inter-
membrane space, whereas a hydrophilic (or ionic) drug will be trapped in the aqueous vacuole. The negatively
charged phospholipid heads and neutral chains should trap both ionic and amphiphilic chemicals, thus making
liposomes an incredibly versatile tool to encapsulate a wide-range of chemicals'>~'8. Furthermore, conventional
liposomes are expected to be biologically inert particles, due to their natural phospholipidic composition, leading
to null or minimal toxicity'>~'%, as opposed to traditionally used solvent carriers such as DMSO or methanol.
Liposomes can be altered and characterized according to their size, charge, lipid composition and surface modi-
fiers (with target ligands such as specific antibodies, peptides or fluorescent agents)*.

Liposomes have previously been used in ecological contexts mostly as nutrient carriers (polyunsaturated fatty
acids) to many different marine and freshwater zooplankton species such as Artemia nauplii'®, Daphnia pulex®,
and Calanus finmarchicus and Calanoides acutus®'. Buttino and co-workers developed giant liposomes (5-40 um)
with a high molecular mass fluorescent chemical (fluorescein isothiocyanate-dextran) encapsulated, and demon-
strated their uptake as food in marine copepods®.

The hypothesis of this study was that liposomes could be used as a tool for the delivery of highly hydrophobic,
ionic, and amphiphilic chemicals to D. magna, and thus could be established as a means to aid the aquatic toxicity
testing of challenging chemicals. The hypothesis was tested by a) synthesizing blank and chemical-loaded lipos-
omes, and thereafter determining size distribution, stability over time and chemical encapsulation yield, and b)
testing the ingestion and liposome-mediated delivery of challenging chemicals to D. magna. We used three model
chemicals: i) tetrabromobisphenol A (pH sensitive speciation), ii) perfluorooctanoic acid (amphiphilic chemical),
and iii) chlorinated paraffins (highly hydrophobic chemicals).

Results

Physical-chemical properties of the liposomes. The production of blank liposomes was possible with
relatively high precision regarding size and concentration, producing on average 2.3 x 10° liposomes from a sin-
gle batch (from 130 mg of material, RSD = 3%, n = 3). The production yield varied between 89 and 126% of the
control when TBBPA and CPs were incorporated into the liposomes (Supplementary Table S1). However, when
PFOA was incorporated at a level of 10 and 100 mgg ™" liposomes, the liposome yield was only 25 and 14% com-
pared to the control respectively (Supplementary Table S1). Liposome concentration decreased slightly three
months after preparation, and the 10 and 100 mgg ' PFOA liposomes decreased nearly 10-fold after three months
(Fig. 1, Supplementary Table S1). The median diameter of the liposomes consistently ranged between 2.0 and
2.2um in diameter (Supplementary Table S1) for the CP, PFOA (5mgg~') and TBBPA loaded liposomes, while
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the blank liposomes showed a slightly higher median diameter of 2.6 um. Less than 10% of these liposomes were
smaller than 1.3 um in size (Supplementary Table S1). However, as can be observed in Fig. 1, liposomes loaded
with higher amounts of PFOA (10 and 100 mgg ') increased in size, up to 5.2 and 5.4 pm in median diameter
(Supplementary Table S1). Incorporation of CPs and TBBPA in the liposomes was successful, with 90 and 84%
incorporation yield of the respective chemical, at 50 mg chemical per g liposomes (Supplementary Table S2).
However, incorporation was much lower for PFOA at 5mgg~*, where only 30% of the added chemical was actu-
ally incorporated into the liposomes (Supplementary Table S2).

Directly following the dilution of the chemically loaded liposomes (diluted to 0.5 x 10° liposomes mL™")
an immediate release of part of the incorporated chemical to the to the fresh M7 media was observed, see
Supplementary Table S2 (). PFOA-loaded liposomes leaked the most with a release of up to 58% of the PFOA
into the water phase (Supplementary Table S2), followed by TBBPA with a release of up to 27.5% into the water
phase. From measurements taken after 0, 24 48, and 120 hours following dilution of the liposomes with M7
medium, it was observed that the amount of chemical in water (%) did not significantly increase over time after
the initial release.

Ingestion of liposomes by D. magna. At a concentration of 1 to 3 x 10° particles mL~}, i.e. the same
concentration as used, on average, for algae cells (P. subcapitata) to feed D. magna, liposomes caused a signifi-
cant decrease in survival after 48 hours incubation (Supplementary Fig. S1). At 0.5 x 10° liposomes mL™", after
48hours incubation, the survival was observed to be consistently between 90 and 100%, which is permissible dur-
ing aquatic toxicity testing as per guideline criteria. During ingestion experiments, it was observed that D. magna
ingested blank liposomes at the same rate as P. subcapitata (Supplementary Fig. S2). However, daphnids ingested
significantly less of the PFOA and TBBPA-loaded liposomes (p < 0.05, Supplementary Fig. S2). The animals also
ingested less CP-loaded liposomes but this was not statistically significant. The ingestion of liposomes by the ani-
mals was further confirmed with the aid of fluorescence microscopy (Supplementary Fig. S3). The fluorescence
observed in the gut (arrow in Supplementary Fig. S3) and in the body indicates that the animals ingested and
digested the Nile Red (NR) stained liposomes. In order to show that the fluorescence observed in the animals’
gut is a result of the NR-stained liposomes and not the NR staining the gut particles, a few animals were stained
via water (15uM NR in M7 medium, no liposomes, Supplementary Fig. S3D). A different pattern was observed
where the lipid droplets in the midgut area (lipid reserves) are stained instead of the lower part of the gut.

Liposome delivery of chemicals to D. magna. Different doses of CPs, TBBPA, and PFOA were delivered
to D. magna via liposomes (Fig. 2A,B). The total concentration of liposomes in the water was the same for all
treatments, which was achieved by manipulating the ratio between chemical-loaded liposomes and blank lipos-
omes that were added to the water. Unfortunately, the body burden of PFOA in D. magna was under the limit of
detection, and therefore no body burden or immobilization data were derived.

The body burden at the end of the 48 hour incubation increased linearly in function of the amount of TBBPA
or CPs dosed via liposomes (Fig. 2A,B, R*=0.97). Mortality was observed when CPs were dosed via liposomes
above 120 ng (total added to 20 mL media) and this resulted in an increase in the standard deviation of the deter-
mined body burden of CPs (ng per individual) in the animals (Supplementary Fig. S4). For this reason, a linear
equation was derived, where only the sub-mortality doses were correlated to the body burden of the animals
(Supplementary Table S3).

The increase of body burden over time (at a fixed amount of dosed CPs or TBBPA) was observed by taking
animal samples between 4 and 48 hours of incubation with the loaded liposomes (Fig. 2C,D). When CPs were
dosed via liposomes to the animals, a plateau was observed after 21 hours (Supplementary Table S4), whereas for
the liposome delivered TBBPA the plateau was not reached within the 48 hours. Time to steady state for TBBPA
was estimated to be reached at 91 hours of incubation (Supplementary Table S4).

After 48 hours incubation with the loaded liposomes, some animals were fed 1 mgmL ! of cellulose to purge
their guts of loaded liposomes, and samples were taken after 2 and 6 hours of incubation (Fig. 2E,F). By fitting
the results into an exponential one phase decay model, the half-lives under these conditions were estimated to be
of 6.5 and 0.89 hours for CPs and TBBPA, respectively (R*=0.73 for CPs, R?=0.98 for TBBPA, Supplementary
Table S5). After 2hours, the animals are expected to have completely purged their guts from liposomes, and have
substituted the gut content with new cellulose particles. The amount of chemical left in the animals after two
hours was 31 and 86% of the body burden at the start of the depuration phase (¢t =0) for TBBPA and CPs, respec-
tively (Supplementary Table S6). Over the subsequent 4 hours the depuration occurred at similar rates for TBBPA
and CPs (0.94 and 0.41 ng eliminated per hour, respectively, Supplementary Table S6).

A dose-dependent immobilization of D. magna was observed when the animals were incubated with
increasing concentrations of CP-loaded liposomes. A lethal dose, LDs, of 7.6 ng CPs per individual was
derived (Supplementary Table S7, Fig. 3). No dose-dependent immobilization was observed when TBBPA- and
PFOA-loaded liposomes were fed to the animals. However, a dose-response curve was obtained for water-dosed
TBBPA (Supplementary Fig. S5) from which a comparison could be made between the body burdens of TBBPA
when dosed directly via water or via liposomes (Supplementary Fig. S6). The observed water-based ECs, was
calculated to be at 1.6 mgL~! (Supplementary Fig. S5), and the estimated body burden at EC5, was observed
to be nearly 150 ng TBBPA per animal (Supplementary Fig. $6). The maximum observed body burden for
liposome-delivered TBBPA was 20 ng per individual.
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Figure 2. Variation of body burden (ng CPs (top) or TBBPA (bottom) per individual D. magna) at different
doses and over time. A and B: Linear regression for the body burden as a function of the amount of chemical
added (pg added) to the system via liposomes after 48 hours incubation (ng ind ' = a x ug added + b;
R?=0.97 for both regressions, Supplementary Table S3) with the 95% confidence intervals of the regression
dotted; C and D: increase of body burden over time (between 4 and 48 hours of incubation with chemical-
loaded liposomes) at constant chemical dose (1.1 g CPs and 2.2 ug TBBPA via liposomes) and constant
liposome concentration of 0.5 x 10° liposomes mL~'. Data was fitted with an exponential plateau model

(ng ind™" = Plateau — (Plateau — ng indo_l) x e M R2=0.94 for CPs, R2=0.97 for TBBPA, Supplementary
Table S4); E and F: decrease of body burden in D. magna after being moved to liposome and chemical free M7
media, with 1 mgL~" cellulose (after 48 hours incubation with 1.1 ug CPs and 2.2 pg TBBPA via liposomes).
Data was fitted with an exponential (one-phase) decay model

(ng ind ™" = (ng indy ' — Plateauy x e * + Plateau; R*=0.73 for CPs, R»=0.98 for TBBPA, Supplementary
Table S5).

Discussion
CPs proved highly suitable for incorporation in liposomes with a high incorporation potential, high recoveries,
and even a slightly higher production yield of liposomes compared to the control. The ease at which CPs can be
encapsulated in liposomes is likely dependent on the high log K,,, and relatively small size, which means that they
can be trapped in the hydrophobic intermembrane space!*?. On the other hand, TBBPA, as an ionic chemical, is
expected to be mostly in its anionic form (pH of M7 medium varies between 7.4 and 7.8) and encapsulated in the
aqueous vacuole of the liposome'*??. However, the high encapsulation yield for the TBBPA (84%) suggest a high
affinity for the liposomes. Considering that the liposomes were prepared using 130 mg of lipids in 4mL of water,
an 84% recovery in the liposomes would mean a liposome/water partition coefficient (Kj,,,) for TBBPA of around
160, which means that the incorporation cannot be solely explained by encapsulation in the aqueous vacuole.

PFOA, as an amphipathic chemical, is expected to be trapped together with the phospholipids in the liposome
bilayer**. PFOA liposomes showed the lowest production yield, incorporation, and stability over time. This is
likely a result of the surfactant characteristic of PFOA%, not only preventing the formation of liposomes, but also
destabilizing the lipid bilayer leading to their disintegration over time. Considering that only 30% of the PFOA
was incorporated into the liposomes at 5mgg™!, the maximum amount of PFOA possible to incorporate into the
liposomes without significantly compromising their stability is, in fact, around 1.5mgg". At this concentration,
PFOA-loaded liposomes are relatively more stable, however, considerably high leakage was observed when they
were diluted to test concentrations in M7 media.

Leakage of the loaded chemicals from the liposomes to the M7 medium was observed CP and TBBPA as
well, but at a much smaller magnitude. Our results indicate that chemiosmosis following the initial dilution
is the major factor driving this leakage, leading to an immediate release of a part of the loaded chemical. The
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Figure 3. Dose-response curve for D. magna with increasing body burden of CPs (ng CPs per individual)
dosed via liposomes (Immobilization = —— % . R*=0.77, Supplementary Table S7). Groups of 10

10/o8LDso—ng CPs ind ! *
individuals (n = 3) were exposed to increasing doses of CPs via liposomes at a constant liposome concentration
0f 0.5 x 10° liposomes mL™". 95% confidence intervals of the curve are dotted.

stabilization of the leakage following the dilution and over the following 120 hours suggests that equilibration
occurs rapidly. However, it is also possible that the chemicals are continuously leaking from the liposomes over
the course of the 120 hours and partitioning to the borosilicate walls of the vial. Nonetheless, the observed leakage
means that exposure to chemicals is not only via liposomes but also, to a smaller extent, via water.

Our observations suggest that the increased immobilization of the daphnids exposed to blank liposome con-
centrations >1 x 10° particles mL~! was caused by strong electrostatic interactions between the liposomes and
the chitin exoskeleton of the daphnids, and/or by aggregation of liposomes in their setulae or antenna. This
aggregation, which is concentration-dependent?, ultimately hinders the animal’s swimming ability and therefore
immobilization is observed. The liposome concentration in water used in this study was optimized to guaran-
tee no significant decreases in survival during the 48 hour incubation. A liposome concentration of 0.5 x 10°
liposomes mL™"! is nearly 10-fold lower than the concentration used by Buttino and co-workers for copepods,
however, they used an incubation period of only 24 hours instead of 48?. In this study no differences in ingestion
rate (a well-established sensitive sub-lethal endpoint?’) between algae and blank liposomes were observed. This
corroborates that the increased mortality observed after exposure to high concentrations of blank liposomes
is likely a result of particle aggregation in vital swimming apparatuses. It was expected that daphnids would
ingest liposomes considering that, as passive filter feeders, daphnids’ ingestion rate of particles in suspension is
mostly dependent on concentration® and size?, and studies indicate that there is no particle preference®**. On
the other hand, decreases in feeding/particle ingestion as a result of chemical exposure are well-described?”**3!.
The ingestion rate was significantly lower for TBBPA and PFOA loaded liposomes. We cannot confirm whether
this is a toxicological response or a particle/food preference. Moreover, D. magna are capable of filter feeding on
particles as small as 0.2 pm and as large as 50 um, with the highest efficiency between 0.7 and 40 pm, based on
the distances between setulae, which are used as filters?. Additionally, in D. magna, the mesh-size of these filters
does not increase significantly with growth (age), in contrast to other Cladocera®. D. magna can feed on bacterial
food (<2 pm) as efficiently as on unicellular algae (2-50 um)***?, which means that size range of the liposomes
produced in this study is appropriate for testing with D. magna.

A dose-dependent increase in body burden was observed for TBBPA and CPs, but not for PFOA as it was
under the limit of detection. Steady-state body burden was achieved within the 48 hour incubation for CPs but
not for TBBPA, while depuration was much faster for TBBPA. This suggests that the uptake of CPs from the lipos-
omes might be different from the uptake of TBBPA. CPs are likely taken up by both equilibrium partitioning to
the gut of the animals and, later, by digestion of the liposomes and release of the chemicals into their gut. On the
other hand, for TBBPA, the equilibrium partitioning might be limited due to the intrinsic chemical properties
of the chemical (i.e., higher water solubility, lower K,,) and therefore uptake may have to involve digestion of
the liposomes. Cellulose was chosen as a particle to depurate the guts of the animals since it offers the advan-
tage of being an organic particle that does not contribute to growth or metabolism-driven elimination (as it is a
non-lipidic complex polysaccharide, as opposed to algae cells)****. It was also previously observed D. magna’s gut
can be cleared of non-natural particles (>90%) in just under 12 minutes*. During the depuration with cellulose
particles, it is expected that the gut’s liposome content will be substituted by new particles eliminating undigested
liposomes. Thus, the decrease in body burden after two hours is expected to be a result of i) The elimination of
loaded liposomes from their gut (which were contributing to the body burden) and ii) Chemical elimination by
the animal (via e.g., metabolism or feces). Whereas the elimination between 2 and 6 hours, the is expected to be
driven solely by (ii), i.e. metabolism and/or excretion via feces.
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The observed concentration-dependent immobilization for the liposome-delivered CPs (toxicological
response, Fig. 3) confirms that the CPs are being taken up by the animals. It has previously been demonstrated
that crustaceans are able to digest and take up liposome-delivered fatty acids, by confirming and following the
elongation of deuterated C18:3w3 over 24, 48 and 96 hours of incubation up to C22:6w3*!. The LD, determined
for liposome-delivered CPs was 7.6 ng per individual, which corresponds to approximately 1 ng CPs pg dw™'.
In comparison, in D. magna exposed to the same CP substance as used in this study (CP-52) but freely dis-
solved in water via passive dosing, less than 10% immobilization was observed up to 10+ 1.5 ngug dw'°. Thus,
liposome-mediated delivery of CPs caused immobilization at a much lower body burden than passive dosed-CPs
via water. Such differences might be attributed to: i) Steady-state body burdens being more quickly established
via liposome delivered-CPs (21 vs 40 hours* for liposome-delivered CPs and passive-dosed CPs respectively), ii)
Direct uptake to specific, and possibly, critical tissues of the animal (i.e., tissues surrounding the gut or the gut
itself), and/or iii) Mixture toxicity effects from CPs plus the energy-costing clearance of particles with no nutri-
tious value. Passive dosing is a well-established testing method for hydrophobic chemicals, including CPs, with
a quasi-inexhaustible source of chemicals (silicone) that allows the establishment of complex multi-matrix equi-
libriums. While, in a passive dosing system, the free concentration of a given chemical in water can be directly
translated to the free concentration in water in an ecosystem (which is more often used during environmental risk
assessment), toxicity estimates from liposome delivery needs careful interpretation as it mostly mimics exposure
via food.

In this study, no concentration-dependent immobilization was observed for liposome delivered TBBPA and
PFOA, although a lowered ingestion rate of TBBPA and PFOA-loaded liposomes was observed. To achieve a
toxicological response in immobilization for TBBPA and PFOA, higher exposure doses of these chemicals would
be needed. However, the use of higher doses is hindered both by the maximum concentration of chemicals that
can be incorporated in the liposomes, without destabilizing the liposomes, as well as by the maximum concentra-
tion of liposomes that can be added to the water, without significantly increasing immobilization in the control.
Although the ingestion of liposomes could limit the ability to achieve body burdens that exert effects in apical
endpoints (e.g., survival), this approach could still be useful to detect changes in other subcellular endpoints of
toxicological interest. In this study the exposure concentrations were high enough to detect effects in ingestion
rate even for TBBPA and PFOA.

While this study describes yet another method that could be used to address the effects of hydrophobic chem-
icals in aquatic biota (possibly, as a surrogate for food), the development of alternative and reliable aquatic tox-
icity testing methods for ionic and amphipathic chemicals such as TBBPA and PFOA, respectively, is still badly
needed. The availability in water of ionic chemicals varies greatly with pH, which ultimately adds uncertainties
when determining toxicity estimates for the environmental hazard assessment of these chemicals. As an addi-
tional advantage, liposome—water distribution of ionic compounds are much less dependent on pH*. For PFOA,
the current acute toxicity estimates determined for D. magna®**" are in the same range as low-toxicity narcotic
chemicals such as alcohols®. These toxicity estimates are likely underestimated, considering the well-known tox-
icity potential of PFOA*. Moreover, perfluoroalkyl substances are well-known for their challenging properties
and are currently a huge class of chemicals including more than 4000 substances*.

Even though the incorporation and stabilization of PFOA (or similar chemicals) in the liposomes needs to
be optimized in the future, this study shows that it is possible to use this approach to deliver chemicals to one
of the most widely used test organisms in aquatic toxicology and hazard assessment of chemicals (D. magna). If
improved, liposomes could offer a versatile alternative to understand metabolism and fate of these types of chem-
icals in aquatic biota. Other sources of lipids for the liposome bilayer could be tested to improve incorporation
and stability of amphiphile loaded liposomes. In this study only lecithin from soybean and cholesterol were used
to create the artificial lipidic bilayer. This was in order to produce cost effective liposomes with low toxicity that
could be used in routine toxicity tests. However, the lecithin is quite generic and other lipid sources with specific
polar groups, chain lengths, and saturation levels are available that could probably be used to optimize incorpo-
ration of specific chemicals.

Materials and methods

Chemicals and materials. The immobilization experiments were conducted in 24 mL scintillation vials
from Wheaton (VWR, Radnor, PA, EUA). Nile Red and analytical grade dichloromethane, acetone and methanol
were purchased from Merck Millipore Laboratories (Merck KGaA, Darmstadt, Germany). Milli Q water was
obtained using a Q-POD Ultrapure Water Remote Dispenser (Merck KGaA). M7 medium was prepared accord-
ing to OECD standards 202*' and 211*%. Hionic-Fluor and Soluene were purchased from Perkin Elmer (Waltham,
MA, USA). Stainless steel surgical scalpel blades (nr. 10) were purchased from Swann-Morton (Sheffield, United
Kingdom). Cellulose powder (2-20 pm) was purchased from Macherey-Nagel GmbH & Co. KG (Diiren,
Germany). Lecithin from soybean (90%) was acquired from PanReac AppliChem (Darmstadt, Germany).
Cholesterol (99.5%) was purchased from Eastman Chemical Company (Kingsport, TN, USA). TBBPA (97%)
was purchased from Sigma-Aldrich (Saint Louis, MO, USA), 1*C-labelled TBBPA was synthesized by Halldin and
co-workers®. PFOA (97%) was also acquired from Sigma-Aldrich, and was converted to its sodium salt by reac-
tion with sodium hydrogen carbonate (99.7%, Sigma-Aldrich) in methanol. '*C-labelled PFOA was synthesized
in-house*!. The technical chlorinated paraffin mix used in this study, CP-52 (Cy-3, average 52% chlorine content
(w/w)), was obtained from China*. *C-labelled perchlorododecane was synthesized Bergman and co-workers®.
Non-labelled and C- chemicals were mixed to a specific activity of 11.35 pCi/mg for TBBPA, 15.93 pCi/mg for
PFOA and 1.61 pCi/mg for CPs.

Radiometric analysis. To quantify the “C-labelled chemicals, radiometric measurements were conducted
on a Tri-Carb 2100TR liquid scintillation analyzer from Packard (Perkin Elmer, Waltham, MA, USA) using
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Hionic-Fluor scintillation cocktail. Although the instrument was calibrated using an external *C reference solu-
tion, external calibration curves of the *C-labelled TBBPA, PFOA, and CPs were still prepared and used for quan-
tification to ensure a linear response. The measured decay in each sample was converted into amount of chemical
(TBBPA, PFOA or CPs) using the specific activity for each chemical.

Liposome preparation. The liposomes in this work were prepared as published elsewhere??, with small
modifications. Briefly, 100 mg of lecithin and 30 mg of cholesterol were dissolved in a mixture of dichloromethane
(2.7mL) and acetone (1.3 mL) in a 250 mL round bottomed flask. To produce the chemical-loaded liposomes the
test substance was added to this mixture. The chlorinated paraffins were added dissolved in dichloromethane
whereas the PFOA (as its sodium salt) and TBBPA were added dissolved in methanol. The solvents were then
removed under a stream of nitrogen while rotating the flask to achieve a thin lipid film covering the inside of the
flask. Liposomes were formed by removing the homogenous lipid film of lecithin, cholesterol and the test sub-
stance from the walls of the flask into M7 medium (4 mL), with the aid of 8 glass beads (2mm in diameter). The
flask was then rotated for 30 min and left to rest between 2 and 3 hours according to Buttino and co-workers?.
The liposome slurry was then divided in two and transferred to two 2 mL Eppendorf tubes before they were cen-
trifuged at 7200 g for 20 min. The M7 medium was then discarded and liposomes were resuspended in an equal
amount of fresh M7. This procedure was repeated once more to clean the liposomes before finally resuspending
them in a total 13 mL of M7 medium in a glass test tube. Liposomes were kept in glass tubes and protected from
light at 5°C until use.

Liposome characterization. Three unlabeled, chemical-free batches of liposomes were prepared (blank
liposomes). Liposome concentration was determined using an automated cell counter (TC20 Cell Counter,
Bio-Rad, Hercules, CA, USA). Liposome size distribution was measured with a Spectrex laser particle counter
(Spectrex, model PC-2000, Redwood City, USA), using in-built filter FO (1-100 um). The raw size distribution
spectra obtained from Spectrex was analyzed in GRADISTAT developped by Blott and Pye*. All particle size dis-
tribution metrics can be found in Supplementary Table S1. The size distribution of the liposomes followed a uni-
modal distribution, however, as the size distribution was not normally distributed, the liposomes are described
by median and 10" and 90" percentile ranges in Supplementary Table S1. Concentration of the chemical-loaded
liposomes was measured right after production and one and three months after preparation, in order to study the
stability of the synthesized liposomes (see Fig. 1 and Supplementary Table S1).

Encapsulation efficiency. In order to evaluate encapsulation efficiency of the chemicals into the liposomes
an aliquot sample of the prepared liposomes was taken to determine the incorporated radioactivity. The activity
in the liposomes was then compared to the activity of a reference sample, created from the pure standard, to
determine the yield. All M7 water used to create and wash the liposomes was also collected and measured for
radioactivity.

Animal maintenance and collection. D. magna was used as test organism (originally from the Federal
Environment Agency, Berlin, Germany). D. magna neonates used in this experiment were obtained from a run-
ning culture of D. magna. The running culture was kept in synthetic freshwater (M7 culture medium, OECD
211) with a density of approximately 10 individuals L™! and fed three times per week with Pseudokirchneriella
subcapitata. The algae were cultured in MBL culture medium (OECD 201) on a shaking table with constant light
(70 pE cm~%s 7!) and temperature (18 °C).

Body burden and immobilization experiments. The toxicity and internal dose assessment experi-
ments were based on the OECD test number 202 (Daphnia sp. Acute Immobilization Test). Daphnid neonates
(aged < 24 h) were collected and transferred to the 24 mL vials with M7 culture medium and blank and/or
chemical loaded liposomes in groups of 10 individuals (2 mL medium per daphnid). Three technical replicates
were used for all treatments. The liposome concentration during the experiments was kept constant at 0.5 x 10°
liposomes mL~!, by manipulating the ratio between blank and chemical-loaded liposomes (TBBPA, CPs, PFOA
(Fig. 4)). This is important since the particle ingestion rate of daphnids is largely determined by particle concen-
tration?. The optimal liposome concentration for the body burden and immobilization experiments was deter-
mined prior to the ecotoxicity tests, during which several liposome concentrations were tested for 48 hours, from
5% 105-0.5 x 10° liposomes mL~! (Supplementary Fig. S1). The concentration used for food particles during
culture maintenance was 2.5 X 10° particles mL~!.

The acute immobilization tests were carried out under static conditions, and the culture conditions (light,
medium, temperature) were similar to those as used for the stock culture. The animals were kept at a constant
temperature of 22 °C throughout the experiment, with a 16:8 h light/dark cycle (light intensity of 20 pE m—2
s~!). Immobilization was recorded at 48 hours, by counting the animals that were unable to swim within 15 sec-
onds after gentle agitation of the test vials, according to OECD 202 guideline (Daphnia sp. Acute Immobilization
Test). At the end of the 48 hour test, the live and (if present) dead animals were collected after exposure to the
chemical-loaded liposomes (**C-labelled chemicals) for the body burden analysis.

To observe uptake kinetics of the chemicals in the animals, samples were taken between 4 and 48 hours incu-
bation at constant liposome and chemical concentration (Fig. 4, left panel). The data was fitted with an exponen-
tial plateau model and the output parameters were used to calculate Cyeygy-siae (95% Y) and the time to Cyeaqy-state
(h) with the model’s equation (Supplementary Table S4). Additionally, another experiment was performed to
evaluate depuration kinetics and how much of the chemical is internalized by the animals after 48 hours of incu-
bation (Fig. 4, right panel). For that, the animals’ gut was purged by moving them to M7 medium with 1 mgL™!
cellulose and samples were collected after 2 and 6 hours incubation. After 2 hours incubation, the entire gut con-
tent is completely substituted by cellulose, eliminating the undigested liposomes (with *C-labelled chemicals)
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Figure 4. Illustration of the experimental design of the body burden and immobilization experiments. The
uptake (exposure) phase lasted 48 hours and was followed by the depuration (post-exposure, 2 to 6 hours)
phase. Uptake kinetics of liposome-mediated delivery of chemicals to D. magna were determined by sampling
D. magna between 4 to 48 hours of incubation (left panel). Dose-effect (i.e., dose-body burden and dose-
response) relationships where obtained by using increasing ratios of chemical loaded liposomes (% of total
liposomes, bottom panel). Depuration kinetics were determined by moving exposed daphnids to liposome-free
media and allowed to depurate with cellulose (right panel).

that are contributing to body burden. The gut evacuation under two hours was confirmed separately by look-
ing at the daphnids under the microscope (Leica DMR Fluorescent Microscope (Leica Camera AG, Wetzlar,
Germany). Pictures were taken using a Nikon D50 (Supplementary Fig. S7), showing the substitution of algae
cells (green, left animal in Supplementary Fig. S7) by cellulose particles (white, right animal in Supplementary
Fig. S7). The data were fitted in an exponential one-phase decay model (GraphPad) and the output parameters
can be found in Supplementary Table S5. Half-life was calculated directly from the model and given as a model
output (Supplementary Table S5).

Body burden analysis. For the body burden analysis (ng chemical per individual D. magna), the collected
animals were gently washed with clean M7 medium in order to remove any liposomes attached to the exoskele-
ton. The animals were then collected into a clean scintillation vial, mashed with a stainless-steel surgical blade,
and left to dissolve overnight in Soluene (1 mL). Before analysis, Hionic-Fluor (10 mL) was added. One blank
sample was prepared per experiment (animals exposed only to blank liposomes (no *C-labelled chemicals). All
samples were corrected for the blank values.

Leakage experiment. In order to evaluate leaking of the organic chemicals from the liposomes, the
chemical-loaded liposome slurry (10 mg liposomes mL~! M7) was added to fresh M7 medium at a ratio of 1:3000,
resulting in a concentration of 0.5 x 10° liposomes mL~!. 1 mL samples (liposomes + M7 medium) were collected
after 0, 24, 48 and 120 hours of incubation. The samples were centrifuged at 7200 g and the water was further
filtered through a 0.45 pm syringe filter before the radioactivity was measure. The leakage was determined by
comparing the radioactivity in the water at each time point with the radioactivity in 1 mL non-filtered water (i.e.
water plus liposomes) at time 0.
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Liposome ingestion experiment. Liposome ingestion experiments were performed to evaluate feeding
preference of D. magna between algae and liposomes, based on the test developed by Barata and co-workers?. To
evaluate differences in particle ingestion rate, algae and chemical-free and chemical-loaded liposomes (TBBPA,
CPs, PFOA) were added separately in 24 mL scintillation glass vials to make up a similar initial concentration of
1 x 10° particle mL~". Four technical replicates per treatment were used. Five D. magna juveniles (4 to 5 days old)
were collected from the stock culture and added to each glass vial. One vial per treatment with no animals, only
algae or liposomes in M7 medium, was included to account for losses due to adsorption and/or decomposition of
the organic particles. After 8 hours, resulting concentrations in water of algae and liposomes were measured with
a cell counter (TC20 Cell Counter).

Confirmation of ingestion of liposome particles was done separately. The liposomes were stained with Nile
Red (NR) at 1.5puM from a NR stock solution dissolved in DMSO. The liposomes were added to the M7 media
at the same concentration (1 x 10° particle mL™'), and thereafter daphnid juveniles were added. After 18 hours,
NR fluorescence was observed in each individual separately using a Leica DMR Fluorescence microscope with
a BG38 filter and built-in fluorescent filters. Pictures were taken using a NikonD50 (Supplementary Fig. S3).
Fluorescence in the gut indicates ingestion of the stained liposomes.

Statistical analysis. GraphPad Prism version 8.3.0 (GraphPad Software, La Jolla, California, USA) was used
for all the statistical analysis and plotting in this study, with the level of statistical significance set to p < 0.05. A
simple linear regression was used to visualize the body burden as a function of the amount of chemical (p.g)
added to the system via liposomes after 48 hours incubation. To calculate time to steady state and time to half-life
(depuration) of the chemicals in the animals, data was fitted in an exponential plateau and exponential one-phase
decay models, respectively, with no special handling of outliers and with the only constraint that rate constants
are bigger than 0 (k > 0). Lethal dose (LDs,) and the corresponding 95% confidence intervals were calculated
by fitting immobilization data in a four-parameter dose-response curve with set constraints for top (=100%
immobilization) and bottom (=0% immobilization) values. To compare differences between ingestion rates in
the animals exposed to algae, blank and chemical loaded liposomes, a non-parametric Kruskal-Wallis test was
performed followed by Dunn’s multiple comparisons test, with blank liposomes set as a control.

Received: 25 February 2020; Accepted: 26 May 2020;
Published online: 16 June 2020

References
1. European Chemicals Agency (ECHA). Guidance on information requirements and chemical safety assessment. https://echa.europa.
eu/guidance-documents/guidance-on-information-requirements-and-chemical-safety-assessment.
2. European Union. Directive 2013/39/EU of the European Parliament and of the Council of 12 August 2013 amending Directives
2000/60/EC and 2008/105/EC as regards priority substances in the field of water policy Text with EEA relevance. Off. J. Eur. Union.
3. European Centre for Ecotoxicology and Toxicology of Chemicals (ECETOC). Monograph No. 26 - Aquatic toxicity testing of sparingly
soluble, volatile and unstable substances. http://www.ecetoc.org/publication/monograph-026-aquatic-toxicity-testing-of-sparingly-
soluble-volatile-and-unstable-substances/ (1996).
4. Schrap, S. M. & Opperhuizen, A. Relationship between bioavailability and hydrophobicity: Reduction of the uptake of organic
chemicals by fish due to the sorption on particles. Environ. Toxicol. Chem. 9, 715-724 (1990).
5. Schreiber, R., Altenburger, R., Paschke, A. & Kiister, E. How to deal with lipophilic and volatile organic substances in microtiter plate
assays. Environ. Toxicol. Chem. 27, 16761682 (2008).
6. Riedl, J. & Altenburger, R. Physicochemical substance properties as indicators for unreliable exposure in microplate-based bioassays.
Chemosphere (2007) https://doi.org/10.1016/j.chemosphere.2006.12.022.
7. Bolinius, D. J., Macleod, M., McLachlan, M. S., Mayer, P. & Jahnke, A. A passive dosing method to determine fugacity capacities and
partitioning properties of leaves. Environ. Sci. Process. Impacts https://doi.org/10.1039/c6em00423g (2016).
8. Stibany, F, Nergaard Schmidt, S., Schiffer, A. & Mayer, P. Aquatic toxicity testing of liquid hydrophobic chemicals - Passive dosing
exactly at the saturation limit. Chemosphere 167, 551-558 (2017).
9. Castro, M. et al. Partitioning of chlorinated paraffins (CPs) to Daphnia magna overlaps between restricted and in-use categories.
Environ. Sci. Technol. 52,9713-9721 (2018).
10. Mayer, P.,, Nyholm, N., Verbruggen, E. M. J., Hermens, J. L. M. & Tolls, J. Algal growth inhibition test in filled, closed bottles for
volatile and sorptive materials. Environ. Toxicol. Chem. https://doi.org/10.1002/etc.5620191022 (2000).
11. Trac, L. N, Schmidt, S. N. & Mayer, P. Headspace passive dosing of volatile hydrophobic chemicals - Aquatic toxicity testing exactly
at the saturation level. Chemosphere 211, 694-700 (2018).
12. Kuramochi, H. et al. Determination of physicochemical properties of tetrabromobisphenol A. Environ. Toxicol. Chem. https://doi.
org/10.1897/07-472.1 (2008).
13. Torchilin, V. P. Recent advances with liposomes as pharmaceutical carriers. Nature Reviews Drug Discovery https://doi.org/10.1038/
nrd1632 (2005).
14. Sercombe, L. et al. Advances and challenges of liposome assisted drug delivery. Front. Pharmacol. 6, 286 (2015).
15. Koning, G. A. & Storm, G. Targeted drug delivery systems for the intracellular delivery of macromolecular drugs. Drug Discovery
Today https://doi.org/10.1016/S1359-6446(03)02699-0 (2003).
16. Metselaar, J. M. & Storm, G. Liposomes in the treatment of inflammatory disorders. Expert Opinion on Drug Delivery https://doi.
org/10.1517/17425247.2.3.465 (2005).
17. Ding, B. S., Dziubla, T., Shuvaev, V. V., Muro, S. & Muzykantov, V. R. Advanced drug delivery systems that target the vascular
endothelium. Molecular Interventions https://doi.org/10.1124/mi.6.2.7 (2006).
18. Hua, S. & Wu, S. Y. The use of lipid-based nanocarriers for targeted pain therapies. Frontiers in Pharmacology https://doi.
org/10.3389/fphar.2013.00143 (2013).
19. Ozkizilcik, S. & Chu, E. L. E. Uptake and metabolism of liposomes by Artemia nauplii. Aquaculture https://doi.org/10.1016/0044-
8486(94)90108-2 (1994).
20. Ravet, J. L., Brett, M. T. & Miiller-Navarra, D. C. A test of the role of polyunsaturated fatty acids in phytoplankton food quality for
Daphnia using liposome supplementation. Limnol. Oceanogr. https://doi.org/10.4319/10.2003.48.5.1938 (2003).
21. Bell, M. V,, Dick, J. R., Anderson, T. R. & Pond, D. W. Application of liposome and stable isotope tracer techniques to study
polyunsaturated fatty acid biosynthesis in marine zooplankton. J. Plankton Res. 29, 417-422 (2007).
22. Buttino, I. et al. Giant liposomes as delivery system for ecophysiological studies in copepods. J. Exp. Biol. 209, 801-809 (2006).
23. Sharma, A. & Sharma, U. S. Liposomes in drug delivery: Progress and limitations. Int. J. Pharmaceutics 154, 123-140 (1997).

SCIENTIFIC REPORTS |

(2020) 10:9725 | https://doi.org/10.1038/s41598-020-66694-3


https://doi.org/10.1038/s41598-020-66694-3
https://echa.europa.eu/guidance-documents/guidance-on-information-requirements-and-chemical-safety-assessment
https://echa.europa.eu/guidance-documents/guidance-on-information-requirements-and-chemical-safety-assessment
http://www.ecetoc.org/publication/monograph-026-aquatic-toxicity-testing-of-sparingly-soluble-volatile-and-unstable-substances/
http://www.ecetoc.org/publication/monograph-026-aquatic-toxicity-testing-of-sparingly-soluble-volatile-and-unstable-substances/
https://doi.org/10.1016/j.chemosphere.2006.12.022
https://doi.org/10.1039/c6em00423g
https://doi.org/10.1002/etc.5620191022
https://doi.org/10.1897/07-472.1
https://doi.org/10.1897/07-472.1
https://doi.org/10.1038/nrd1632
https://doi.org/10.1038/nrd1632
https://doi.org/10.1016/S1359-6446(03)02699-0
https://doi.org/10.1517/17425247.2.3.465
https://doi.org/10.1517/17425247.2.3.465
https://doi.org/10.1124/mi.6.2.7
https://doi.org/10.3389/fphar.2013.00143
https://doi.org/10.3389/fphar.2013.00143
https://doi.org/10.1016/0044-8486(94)90108-2
https://doi.org/10.1016/0044-8486(94)90108-2
https://doi.org/10.4319/lo.2003.48.5.1938

www.nature.com/scientificreports/

24. Loureiro, D. R. P. et al. Accessing lipophilicity of drugs with biomimetic models: A comparative study using liposomes and micelles.
Eur. J. Pharm. Sci. 115, 369-380 (2018).

25. Kissa, E. Fluorinated Surfactants and Repellents. Textile Research Journal vol. 71 (2001).

26. Ogonowski, M., Schiir, C., Jarsén, A. & Gorokhova, E. The effects of natural and anthropogenic microparticles on individual fitness
in daphnia magna. Plos One https://doi.org/10.1371/journal.pone.0155063 (2016).

27. Barata, C. et al. A Daphnia magna feeding bioassay as a cost effective and ecological relevant sublethal toxicity test for Environmental
Risk Assessment of toxic effluents. Sci. Total Environ. https://doi.org/10.1016/j.scitotenv.2008.06.028 (2008).

28. Furuhagen, S., Liewenborg, B., Breitholtz, M. & Gorokhova, E. Feeding activity and xenobiotics modulate oxidative status in
daphnia magna: Implications for ecotoxicological testing. Environ. Sci. Technol. https://doi.org/10.1021/es5044722 (2014).

29. Geller, W. & Miiller, H. The filtration apparatus of Cladocera: Filter mesh-sizes and their implications on food selectivity. Oecologia
https://doi.org/10.1007/BF00347591 (1981).

30. Canniff, P. M. & Hoang, T. C. Microplastic ingestion by Daphnia magna and its enhancement on algal growth. Sci. Total Environ.
633, 500-507 (2018).

31. Arias, M., Bonetto, C. & Mugni, H. Sublethal effects on Simocephalus vetulus (Cladocera: Daphnidae) of pulse exposures of
cypermethrin. Ecotoxicol. Environ. Saf. 196, 110546 (2020).

32. Gophen, M. Feeding of Daphnia on Chlamydomonas and Chlorobium. Nature 265, 271-273 (1977).

33. Landrum, P. E, Frez, W. A. & Simmons, M. S. The effect of food consumption on the toxicokinetics of benzo(a)pyrene and
2,2,4,4',5,5'-hexachlorobiphenyl in Mysis relicta. Chemosphere 25, 397-415 (1992).

34. Castro, M., Sobek, A., Yuan, B. & Breitholtz, M. Bioaccumulation potential of CPs in aquatic organisms: uptake and depuration in
Daphnia magna. Environ. Sci. Technol. 53, 9533-9541 (2019).

35. Hunziker, R. W,, Escher, B. I. & Schwarzenbach, R. P. pH dependence of the partitioning of triphenyltin and tributyltin between
phosphatidylcholine liposomes and water. Environ. Sci. Technol. 35, 3899-3904 (2001).

36. Barmentlo, S. H. et al. Acute and chronic toxicity of short chained perfluoroalkyl substances to Daphnia magna. Environ. Pollut. 198,
47-53 (2015).

37. Ji, K. et al. Toxicity of perfluorooctane sulfonic acid and perfluorooctanoic acid on freshwater macroinvertebrates (Daphnia magna
and moina macrocopa) and fish (Oryzias latipes). Environ. Toxicol. Chem. 27,2159-2168 (2008).

38. Zhang, X. et al. Discrimination of excess toxicity from narcotic effect: Comparison of toxicity of class-based organic chemicals to
daphnia magna and tetrahymena pyriformis. Chemosphere 93, 397-407 (2013).

39. Lau, C. et al. Perfluoroalkyl acids: A review of monitoring and toxicological findings. Toxicol. Sci. 99, 366-394 (2007).

40. OECD. Toward a new comprehensive global database of per- and polyfluoroalkyl substances (PFASs): Summary report on updating the
OECD 2007 list of per- and polyfluoroalkyl substances (PFASs). Series on Risk Management (2018).

41. OECD. Test No. 202: Daphnia sp. Acute Immobilisation Test. OECD Guidel. Test. og Chem. Sect. 2, 1-12, https://doi.
org/10.1787/9789264069947-en (2004).

42. OECD. Test No. 211: Daphnia magna Reproduction Test. OECD Guidel. Test. Chem. - Eff. Biot. Syst. Section 2, 23 p. https://doi.
org/10.1787/9789264070127-en (2012).

43, Halldin, K., Berg, C., Bergman, A., Brandt, I. & Brunstrém, B. Distribution of bisphenol A and tetrabromobisphenol A in quail eggs,
embryos and laying birds and studies on reproduction variables in adults following in ovo exposure. Arch. Toxicol. 75, 597-603
(2001).

44. Sundstrém, M. Radiosynthesis of Perfluoroalkyl Substances: Chemical analysis, uptake, distribution, and partitioning studies.
(Stockholm University (2012).

45. Bergman, A., Leonardsson, I. & Wachtmeister, C. A. Synthesis of polychlorinated [14C]alkanes (PCA) of high specific activity.
Chemosphere https://doi.org/10.1016/0045-6535(81)90085-0 (1981).

46. Blott, S. J. & Pye, K. Gradistat: A grain size distribution and statistics package for the analysis of unconsolidated sediments. Earth
Surf. Process. Landforms https://doi.org/10.1002/esp.261 (2001).

Acknowledgements
Open access funding provided by Stockholm University.

Author contributions
D.L. came up with the concept. D.L. and M.C. designed and conducted the experiments. Both authors analyzed
the data and wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-66694-3.

Correspondence and requests for materials should be addressed to D.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:9725 | https://doi.org/10.1038/s41598-020-66694-3


https://doi.org/10.1038/s41598-020-66694-3
https://doi.org/10.1371/journal.pone.0155063
https://doi.org/10.1016/j.scitotenv.2008.06.028
https://doi.org/10.1021/es5044722
https://doi.org/10.1007/BF00347591
https://doi.org/10.1787/9789264069947-en
https://doi.org/10.1787/9789264069947-en
https://doi.org/10.1787/9789264070127-en
https://doi.org/10.1787/9789264070127-en
https://doi.org/10.1016/0045-6535(81)90085-0
https://doi.org/10.1002/esp.261
https://doi.org/10.1038/s41598-020-66694-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Liposome-mediated delivery of challenging chemicals to aid environmental assessment of Bioaccumulative (B) and Toxic (T) pr ...
	Results

	Physical-chemical properties of the liposomes. 
	Ingestion of liposomes by D. magna. 
	Liposome delivery of chemicals to D. magna. 

	Discussion

	Materials and methods

	Chemicals and materials. 
	Radiometric analysis. 
	Liposome preparation. 
	Liposome characterization. 
	Encapsulation efficiency. 
	Animal maintenance and collection. 
	Body burden and immobilization experiments. 
	Body burden analysis. 
	Leakage experiment. 
	Liposome ingestion experiment. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Physical characteristics of the blank and chemical-loaded liposomes.
	Figure 2 Variation of body burden (ng CPs (top) or TBBPA (bottom) per individual D.
	Figure 3 Dose-response curve for D.
	Figure 4 Illustration of the experimental design of the body burden and immobilization experiments.




