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SIGNIFICANCE STATEMENT: Nanoparticles are being produced for an ever-
increasing range of applications and with such growth comes a need to efficiently assess
any potential toxicity associated with these new materials. Here we describe in detail a
step-by-step protocol that can be used to rapidly and effectively assess nanotoxicity, by
combining mammalian cytotoxicity assessment with vertebrate abnormality scoring
using X. laevis embryos. We have previously demonstrated that this approach is
effective at determining low-toxicity nanomaterials in mice (Webster et al., 2016). This
protocol can be used as a rapid screening approach for newly developed nanomaterials,

with high predictive power for determining nanoparticle safety in vertebrate systems.



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

ABSTRACT

The African clawed frog, Xenopus laevis, has been used as an efficient pre-clinical screening
tool to predict drug safety during the early stages of the drug discovery process. X. laevis is a
relatively inexpensive model that can be used in whole organism high-throughput assays
whilst maintaining a high degree of homology to the higher vertebrate models often used in
scientific research. Despite an ever-increasing volume of biomedical nanoparticles (NPs) in
development, their unique physico-chemical properties challenge the use of standard
toxicology assays. Here, we present a protocol that directly compares the sensitivity of X.
laevis development as a tool to assess potential NP toxicity by observation of embryo
phenotypic abnormalities/lethality after NP exposure to in vitro cytotoxicity obtained using
mammalian cell lines. In combination with conventional cytotoxicity assays, the X. laevis
phenotypic assay provides accurate data to efficiently assess the safety of a novel biomedical

NP.

Keywords: Nanoparticles < nanotoxicity ¢ physicochemical characterisation of

nanoparticles ¢ cytotoxicity ® Xenopus laevis embryos

INTRODUCTION

The research and application of biomedical NPs is a rapidly evolving discipline (De Jong and

Borm, 2008). For many, it is believed that biomedical nanomaterials can act as advantageous



47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

tools in the treatment of several disease states. In particular, the unique physico-chemical
properties of NPs makes them an ideal therapeutic and diagnostic tool in oncology by
overcoming the limitations of conventional therapies, as we have previously discussed
(Bombelli et al., 2014). The main advantages of using biomedical NPs as drug delivery
systems include targeted drug delivery, increased biocompatibility and a decrease in drug
toxicity, whilst maintaining or improving the therapeutic effect. However, as a result of the
high surface area-to-ratio volume and complex composition of the nanomaterial, NPs can be
highly reactive, where combinations of NP size, shape, material, and functionalisation, can
result in toxicity within a biological systems (Lewinski et al., 2008; Nystrom and Fadeel,

2012).

Conflicting information regarding NP safety for a given material can impede the progression
of a NP from the early stages of formulation development through to the clinic.
Inconsistencies in NP toxicity data are largely attributable to a lack of a standardised protocol
for nanotoxicity assessment. Firstly, full characterisation of a NP system (including size,
surface charge, and stability in assay buffers) is required to understand the fate of the NP in a
biological system and its potential to cause toxicity. Different early developmental models,
such as Xenopus species (Bacchetta et al., 2014; Hu et al.,, 2016; Mouchet et al., 2008;
Tussellino et al., 2015; Webster et al., 2016) and zebrafish (George et al., 2011; Liu et al.,
2012; Rizzo et al., 2013), have been explored as systems that can provide rapid, accurate, cost
effective and abundant data for NP toxicology assessment. X. laevis (the African clawed frog)
is a species that produce large quantities of embryos allowing them to be used in a high-
throughput style assay to gain toxicology data relatively quickly. Furthermore, with an
individual embryo size at early developmental stages of ~1 mm, they are well suited for use

in a multi-well format. X. laevis has the advantage of being evolutionary closer to humans
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than other early models such as Caenorhabditis elegans, Drosophila, and zebrafish (Wheeler
and Brandli, 2009). Although mouse models, as the gold standard, are evolutionary closer to
humans than X. laevis, they are expensive and not a viable option to test numerous NPs over

a wide range of concentrations, as far fewer embryos are produced compared to X. laevis.

Here we provide a detailed protocol for the use of X. laevis embryos in conjunction with
cytotoxicity analysis, for highlighting potential NP toxicity by observing phenotypic
abnormalities/lethality in response to NP exposure. X. laevis development is well documented
(Nieuwkoop and Faber, 1967), making it easy to detect when toxicity-induced deviation from
normal embryo development has occurred. The rationale for this approach has previously
been described (Webster et al., 2016) and involves a combined assessment of cytotoxicity
with X. laevis abnormality assessment in response to NP treatment, which offers a sensitive
nanotoxicity model to bridge standard in vitro assessment alone with further rodent testing
(Fig. 1). Specifically, this methodology incorporates physicochemical characterization of
nanomaterials, followed by rapid cytotoxicity and phenotypic abnormality assessment as an

indicator of nanotoxicity prior to later testing in mammalian systems.

BASIC PROTOCOL 1 -PHYSICOCHEMICAL CHARACTERISATION OF NPs

This protocol describes the necessary steps to prepare nanoparticle (NP) dispersions suitable
for toxicological characterization by cytotoxicity and X. laevis phenotypic scoring assays.
This protocol is designed to be adaptable to different types of nanoformulations (thus it is not
addressed to a specific typology of NPs), but is to be used for NPs dispersed in agueous
solutions. Physical-chemical characterization of NP dispersions is a critical step in a nano-
safety assessment protocol (Azhdarzadeh et al., 2015), in particular the experiments need to

be performed not only in the NP dispersion medium, but also in the fluids in which the NPs
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will be dispersed during the biological assays. It is also important to monitor the colloidal
stability of the NP dispersions over the duration of the nanotoxicity assessment period to
detect any potential agglomeration effects over time (Cho et al., 2013). Generally, NP
dispersions are commonly characterized in terms of hydrodynamic size of the particles
through Dynamic Light Scattering (DLS) measurements. To better interpret DLS results it is
also necessary to perform Transmission Electron Microscopy (TEM) on the dried samples for
evaluating the morphology and size of a single NP. The presence of biomolecules (i.e.
proteins) in the biological fluids affects the DLS results by producing a background signal,
thus such experiments should be performed at a maximum protein concentration used in the
nanotoxicity experiments (i.e. 10% v/v serum used in GM), but not in pure serum as in that
case the protein signal overcomes that deriving from the NPs. Moreover, it has been shown
that the presence of proteins or other biomolecules in the biological fluids affects the
physical-chemical properties of the NPs through the formation of a protein corona around the
NPs (Cedervall et al., 2007; Monopoli et al., 2012). Thus, the analysis of DLS data in
biological fluids can be more complex than in physiological buffer solutions. In fact, even if
DLS is a good technique for testing the stability of NP dispersions in biological fluids, it does
not give a quantitative estimation of the size of such complexes (as it cannot distinguish
among dimer, trimer or agglomerates of protein-NP complexes). For this purpose it would be
necessary to implement the NP characterization with different analysis such as Differential
Centrifugal Sedimentation (Walczyk et al., 2010) or Fluorescence Correlation Spectroscopy

(Rocker et al., 2009), which is beyond the interest of this protocol.

Materials

NP stock dispersions (concentrations and nanomaterials tested are to be pre-determined
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by the experimenter)
Disposable DLS cuvettes
Dynamic Light Scattering apparatus
PBS (see recipe)
Mammalian cell culture growth media (GM; see basic protocol 2 for further details)

0.1X Marc’s Modified Ringer’s (MMR; see recipe)

1. Prepare the DLS cuvettes cleaning them with autoclaved Milli-Q-purified H20 (d.H20)
and then dry with particular care to protect them from dust.

2. Transfer the NP dispersions to the DLS cuvettes (necessary volume depends on the
DLS apparatus) and dilute them if it is necessary. The solvent used to dilute the NP

dispersions must be dust free as much as possible.

IMPORTANT NOTE: Never touch the middle-bottom part of the cuvettes with hands,

but always manage them touching them in their upper edge.

The choice of the optimal concentration for DLS measurements should be based on
both experimental and technical considerations. A concentration as much as possible
similar to those used in the biological assays should be chosen (usually the most
concentrated dose used in vitro is the safest choice to detect possible NP
agglomeration).
It is recommended to run a quick test for evaluating the averaged scattered intensity of
the chosen dilution that should be above 20 kcounts/s for be statically significant. If it is
lower than that value, a more concentrated sample should be prepared.
3. Set the temperature to the desired value according to that at which the biological
experiments are performed.

In this context these temperatures will be 37°C for mammalian and 12-23°C for X.
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laevis work.

4. The NP dispersion in the cuvette should be left to rest in the sample holder for
approximately 10 minutes before the measurement to reach the desired temperature and allow
the eventual dust to sediment.

5. Measure the scattered intensity at a set angle of detection. Generally, the most used
apparatus can measure the scattered intensity at a fixed angle (either 90° or 173°), but there
are also more advanced instruments that permit multi-angle detection, in that case it is better
to measure the scattered intensity at different angles (Fig ii). The detected signal will be
automatically sent to the correlator, which produces the auto-correlation function of the

scattered intensity g»(q,t) for each angle (equation 1):

(.0 1(2%)
£lg.1)= —————
<I (4.0)159 1)
where:
4 n 161
a=2" n@13)
g 162

...1s the scattering vector (with 6 the detection angle, A the wavelength of the incident light

and n the solvent refractive index).

2 Analyze the auto-correlation functions to extract the NP hydrodynamic size by available
analysis softwares. The analysis of the auto-correlation functions at each angle gives a
decay rate I'(s™?) related to the NP dynamics and related to the translational diffusion

coefficient, D, through the following equation for Brownian systems (equation 2):

[(s*)=D-g? )
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Thus reporting the decay rates versus the scattering vectors the slope of the obtained curve is

the translation diffusion coefficient. The NP hydrodynamic radius, ru, can be determined

through the Stokes-Einstein relationship (equation 3):

D=ksT/6mpru 3)

Where T is the experimental temperature and p the viscosity of the solvent.

IMPORTANT NOTE: the fitting analysis of the auto-correlation functions for
determining the decay rates must be carefully chosen. If the auto-correlation
function is monomodal (the sample is mostly composed of a single population of NPs
of the same size), a Cumulant method (Koppel, 1972) can be used. This fitting
analysis gives an averaged < I'> together with a polydispersity index (PDI). If the
PDI is <0.2-0.25, it is reasonable to use this method. If the PDI is >0.25 the sample
Is either very polydisperse or composed of two or more populations and an
alternative method must be wused. The most common is the algorithm
CONTIN (Provencher, 1982)-based on the Laplace transform of the auto-
correlation function. This method gives a size-distribution of the NP dispersion
distinguishing different particle populations differing in scattered intensities of at
least 1:10°. For monomodal polydisperse samples the two methods should give

comparable results.

SUPPORT PROTOCOL 1-TEM FOR NP CHARACTERISATION
As highlighted in Basic Protocol 1, a TEM study should be done on the NP stock dispersion
for evaluating NP morphology and better interpreting DLS results. TEM analysis allows the

determination of the size of single NPs that can be used for understanding the NP size
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distribution obtained by DLS and highlight possible agglomeration effects. TEM equipment
comprises of complex instrumentation and usually a dedicated person(s) is/are responsible for
its maintenance and running experiments in a core facility within institutions. Thus, here we
only describe a protocol for preparing samples to be measured by TEM. It is necessary to
prepare a dispersion of the NPs in d.H>O as the sample has to be dried (measurements are
performed in vacuum) and salt crystallization can occur if the NPs are dispersed in buffer
affecting the experiment. If the NP stock is dispersed in buffer, it is also possible to wash the

sample directly on the grid.

Materials

TEM grid (the chosen material depends of the NP material and the specifics of the
apparatus and manufacturer)
TEM instrument with imaging modality
NP stock dispersions (concentrations and nanomaterials tested are to be pre-
determined by the experimenter)
1. Wash the grid with a suitable clean solvent as indicated by the supplier (it depends on
the material of the grid).
IMPORTANT NOTE: Never touch the grid with hands but always use suitable
tweezers.
2. Transfer the NP dispersion onto the grid by multiple depositions of 5-10 ul. After
each deposition let the solvent evaporate before adding the following drop.
If it is necessary (i.e. if the NPs are dispersed in salt solutions) wash the grid with
d.H>0 to eliminate the salts as this operation should not remove the NPs, which are

adhered to the grid surface.
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A rough calculation of the amount of NPs transferred to the grid should be done for
evaluating the number of depositions necessary to reach the minimum amount of

sample to perform a statistically significant measure.

3. Leave the grid to dry overnight, ideally under a hood and protected from dust.
4. Perform the measurement taking pictures of different areas on the grid.
5. For each grid (sample) several images are taken and saved. The images are analyzed

with specific image software that allow extracting size information, thus a size-
distribution can be determined.
IMPORTANT NOTE: To be statistically meaningful the size-distribution must be
done on at least 100 NPs.
TEM size is often 10% smaller than the hydrodynamic size that also includes the

hydration layer.

BASIC PROTOCOL 2-CYTOTOXICITY ASSESSMENT OF NP TREATMENT

A crucial part of our nanotoxicity protocol is cytotoxicity assessment in mammalian cells, as
due to their unique material composition, some nanoformulations can have harmful toxic
effects in mammalian systems. Multiple factors can influence the extent of nanomaterial
toxicity such as NP size, morphology, chemical structure and surface chemistry (Caballero-
Diaz and Valcarcel Cases, 2016). A wide variety of conventional in vitro assays are available
to assess nano-cytotoxicity, for example; 3-(4,5 dimethylthiazol)-2,5 diphenyltetrazolium
bromide (MTT), which is a commonly used cytotoxicity assessment assay that has been
successfully used to detect nanotoxicity (Gulati et al., 2010; Hussain et al., 2005; Park et al.,
2010; Schubert et al., 2006; Webster et al., 2016; Yuan et al., 2010) and provides a simple,
reproducible and reliable test set-up. In addition to MTT, nanotoxicity in mammalian cells

can be evaluated by a variety of other cytotoxicity assessment methods including; 2',7'-

10
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Dichlorofluorescein (DFC) assay, proinflammatory cytokine ELISA, TUNEL, Trypan Blue
Exclusion assay, (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium; MTS), CellTiter-Glo, adenosine triphosphate luminiscence,
alamar blue (resazurin assay), neutral red staining, lactate dehydrogenase content analysis,
phosphatidylserine translocation monitored by Annexin V staining, mitochondrial membrane

potential and apoptotic protein level/activity, to name several.

Depending on their specific NPs and experimental conditions, users can select cytotoxicity
methodologies to suit, as some nanoformulations can affect cytotoxicity readings by certain
experimental approaches (Belyanskaya et al., 2007; Davoren et al., 2007; Hillegass et al.,
2010; Monteiro-Riviere et al., 2009; Wang et al., 2011). Two or more cytotoxicity protocols
need to be employed to ensure that the nanotoxicity assessment is robust, which ideally
should test more than one of the following cytotoxicity assessment parameters; oxidative
stress, cell death, cell viability and inflammatory response. Table i provides a list of
conventional cytotoxicity assessment assays and which NPs are compatible with these
methods. Here we describe a protocol that we have previously used for NP cytotoxicity
assessment to analyse cell viability using two methods; MTT and Trypan Blue Exclusion
assay (support protocol 2), and cell death by assessing apoptotic markers (support protocol

3).

Materials

Mammalian cell lines of choice (recommended a minimum of 3 should be used)

Liquid N2 cryogenic cell storage Dewar flask (for long-term storage of cell stocks;

Cole-Palmer)

11
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Water bath (set to 37 °C; Fisher Scientific; an anti-microbial agent should be added to
the water tray to limit contamination)

GM containing supplements as required (e.g. foetal bovine serum, amino acids,
antibiotics etc., as required depending on the chosen cell types. GM details
for specific lines are provided by the supplier or in the scientific literature.
All reagents must be cell culture grade)

70% ethanol (Sigma-Aldrich)

Class Il biological safety cabinet (Monmouth Scientific)

Sterile, disposable cell culture plastic ware (including flasks, plates, tubes, tips etc.
For adherent cells, flasks and plates must be cell culture grade)

Humidified 37 °C, 5% CO: cell culture incubator (New Brunswick; an anti-microbial
agent should be added to the water tray to limit contamination)

Inverted light microscope (Olympus)

Phosphate buffered saline (PBS; see recipe)

0.05% (wi/v) Trypsin-EDTA solution (cell culture grade; Sigma-Aldrich)

Swing-out (bucket) centrifuge (Eppendorf)

Automated cell counter (e.g. Bio-Rad TC20™) or a Neubauer hemocytometer (Merck
Millipore)

Mycoplasma testing kit (we use the EZ-PCR mycoplasma test kit; Gene Flow)

Multichannel pipette (Fisher Scientific)

NP exposure solution (concentrations and nanomaterials tested are to be pre-
determined by the experimenter)

MTT solution (Sigma-Aldrich; prepared according to the manufacturer’s instructions)

Dimethyl sulfoxide (DMSO; Sigma-Aldrich)

Sorensen’s glycine buffer (see recipe)

12
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Microplate spectrophotometer reader (SpectraMax)

1. Resuscitate  mammalian cells from cryopreservation. Grow according to
recommendations for the chosen cell lines, according to good lab practice (GLP). Correct
handling and GLP for cell culturing involves the use of aseptic technique to avoid
contamination of the cultures (Freshney, 2010). Furthermore, cells should be used at low
passage numbers (<25) to avoid genetic drift and lines should be validated, and checked for
contaminants prior to experimental use.
Three or more cell lines should be selected by the experimenter to assess nanotoxicity.
The selection of these lines should be based upon the predicted exposure routes of the
nanomaterial being assessed. For example, we have previously assessed iron oxide
NP cytotoxicity in cell lines that represent possible exposure tissues in man, i.e. lung
epithelium (A549), skin (SK-MEL-28) and kidney epithelium (MDCK), and that are
easy to grow (Webster et al., 2016).
Supplementation of GM with antibiotics is optional. If it is used we recommend 100
ug/ml penicillin/streptomycin.
IMPORTANT NOTE: GM is prepared in advance and can be used for several weeks
if stored at 4 °C. It should be pre-warmed to 37 °C using a water bath prior to use on
the cells to avoid cold shock. Water baths are a source of contamination in cell
culture facilities and therefore should be regularly checked and cleaned, and an anti-
microbial agent added to the water.
IMPORTANT NOTE: Maintenance and preparation of mammalian cell lines should
be conducted in a class Il biological safety cabinet and 70% ethanol used to sanitise
all reagents and plastic ware used in the hood. All reagents must be prepared under

aseptic conditions.
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2.

IMPORTANT NOTE: Like water baths, cell culture incubators represent another
source of potential contamination. They too should be regularly checked, cleaned and
a non-toxic anti-microbial added to the water tray.

Trypsinise and seed cells at 4500 cells/well in a 96-well, flat-bottomed plate in

triplicate (as a minimum for experimental replicates). Incubate cells overnight in cell culture

incubator.

3.

IMPORTANT POINT: Due to the edge effect on cell culture plates, conditions in the
outer-most wells can lead to assay variability. We recommend not using the outer-
most wells and rather only add GM or PBS to them.

For non-adherent, suspension cells, treated samples should be collected, spun down,
resuspended in a fresh medium and treated with MTT solution.

Wash cells with PBS (enough to cover the monolayer) and add NPs at the desired

concentration in GM at a volume of 150 pl/well. For the control wells add 150 pl/well of GM

alone. Incubate cells for 72 hrs.

4.

IMPORTANT NOTE: Careful pipetting technique must be used whilst washing,
removing and adding GM to the cells. For adherent cells disturbance of the

monolayer can dramatically affect the assay results.

Following incubation with the NPs, remove the treatment media and wash the cells

twice with PBS. Prepare fresh media of 50 pl of MTT (2 mg/ml) in d.H20, added to a total

volume of 250 pl/well and incubate the plate for a further 4 hrs.

During this time the cells can be checked for the development of formazan crystals
(formed through the reduction of tetrazolium salts), which appears as an intracellular

purple precipitate.

14
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5. Carefully remove the MTT solution to leave the insoluble formazan precipitate. Add
200 pul of DMSO/well and 25 pl of Sorensen’s glycine buffer/well. Mix gently to resuspend

the formazan crystals.

From this point onwards the experiment does not need to be conducted using aseptic

technique.

IMPORTANT NOTE: During mixing, avoid the production of air bubbles that could

otherwise affect the optical absorbance readings.

6. Remove the plate cover and measure the absorbance in each well at 570 nm

wavelength using a microtitre plate reader for optical absorbance.

7. Calculate the percentage cell viability as a ratio of mean absorbance from the

replicates with respect to the control treatments, using the following formula:

% cell viability = (Isample/Icontrol)*100 [where | = absorbance intensity].

SUPPORT PROTOCOL 2 - TRYPAN BLUE EXCLUSION ASSAY

As highlighted in Basic Protocol 2, >1 cytotoxicity assay should be employed to determine
nanotoxicity in mammalian cells. Here we describe the use of trypan blue exclusion assay to
support the findings from MTT analysis (see Basic Protocol 2). Trypan blue determines the
number of live and dead cells depending of the principle that intact plasma membranes
exclude the dye, whereas damaged/dead cells do not (Avelar-Freitas et al., 2014).
Mammalian cells stocks are maintained and prepared using GLP as described above (basic

protocol 2, point 1).

Materials

15
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Mammalian cell lines of choice (recommended a minimum of 3 should be used)

See basic protocol 1 for a detailed list of equipment and reagents required for growing
mammalian cell lines.

NP exposure solution (concentrations and nanomaterials tested are to be pre-
determined by the experimenter)

0.4% trypan blue solution (Sigma-Aldrich)

1. Trypsinise and seed mammalian cells at 20000 cells/well in a 24-well, flat-bottomed
plate in triplicate (as a minimum). Incubate cells overnight in a cell culture incubator.
2. Gently wash cells with PBS (enough to cover the monolayer) and add NPs at the
desired concentration in GM at a volume of 500 pl/well. For the control wells add 500 ul/well
of GM alone. Incubate cells for 72 hrs.
3. Following incubation with NPs, gently wash cells twice with PBS and use 100 pl/well
trypsin/EDTA to detach cells from the well. Mix 10 pl of the cell suspension 1:1 with 0.4%
trypan blue solution. Incubate for 2 min at room temperature.
Trypan blue should be stored in a dark bottle at room temperature and filtered with a
0.2 uM filter if used after prolonged storage.
4. Count the unstained (viable) and stained (non-viable) cells. Calculate cell viability
using the following equations:
% cell viability = (unstained cells/total cells)*100

% non-viable cells = (stained cells/total cells)*100

SUPPORT PROTOCOL 3 - IMMUNOBLOTTING FOR APOPTOTIC MARKERS

Immunoblotting (or Western blotting) is a molecular technique used to detect proteins in a

complex milieu. Following extraction from cells, proteins are separated (usually by sodium
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dodecyl sulphate-polyacrylamide gel electrophoresis; SDS-PAGE) and then immunoblotted
by transferring the proteins to a solid substrate and proteins of interest detected using
antibodies targeted against them. Here we describe a protocol using immunoblotting to assess
apoptotic cell death in response to NP treatment. A variety of markers can be used to assay
apoptosis, should reduced cell numbers be detected in Basic Protocol 2/Support Protocol V
(e.g. cleaved Caspase [3,8 and 9], Puma, Noxa and p7056K). Here we describe the use of
cleaved Poly (ADP-ribose) polymerase-1 (PARP1) as a read-out of apoptosis. During this
type of cell death, Caspase/protease-mediated cleavage of PARP1 in fragments of 89/24kDa
is a useful and easily detectable apoptotic hallmark (Kaufmann et al., 1993). The basic
protocol is adapted from immunoblot protocols used in our previous work (Jenei et al., 2009;

Webster et al., 2016).

Materials

Mammalian cell lines of choice (recommended a minimum of 3 should be used)

See basic protocol 1 for a detailed list of equipment and reagents required for growing
mammalian cell lines.

NP exposure solution (concentrations and nanomaterials tested are to be pre-
determined by the experimenter)

A cytotoxic agent that can be used as a positive control in the cell lines of choice (e.g.
cisplatin; this agent and dose should be pre-determined for each cell line selected).
PBS (see recipe); 0.1-0.5 L needs to be cooled to 4°C

Protein extraction buffer (containing protease inhibitors; see recipe; cooled to 4°C)
Plastic cell scrapers (Thermo Fisher Scientific)

1.5 ml Eppendorf microcentrifuge tubes (Thermo Fisher Scientific)

17
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Sonicator (Diagenode™ Bioruptor® Pico Ultrasonicator; Thermo Fisher Scientific)
-20°C freezer

Pierce™ BCA Protein Assay kit (Thermo Fisher Scientific)

UV-Vis Spectrophotometer (Orion™ AquaMate 8000; Thermo Scientific)
Dithiothreitol (DTT; Sigma-Aldrich)

SDS (Sigma-Aldrich)

Loading buffer (see recipe)

Dry block heating system

Tris-HCI buffer (see recipe; Sigma-Aldrich)

40% acrylamide/bisacrylamide (Sigma-Aldrich)

Ammonium persulfate (APS; Sigma-Aldrich)

>99.5% tetramethylethylenediamine (TEMED; Sigma-Aldrich)

Mini gel tank and associated casting plates, combs etc. (Mini-PROTEAN® Tetra
Vertical Electrophoresis Cell ; Bio-Rad)

Running buffer (10X; see recipe)

Protein Molecular Weight Standards (range = 6500-205,000 Daltons; Thermo Fisher
Scientific)

Gel-loading tips (range 0.5-200 pL; Thermo Fisher Scientific)

Universal Power Supply (PowerPac™ ; Bio-Rad)

Polyvinylidene difluoride (PVDF) membrane (Thermo Fisher Scientific) or
nitrocellulose membrane (Thermo Fisher Scientific)

Bent-tip stainless-steel forceps (Thermo Fisher Scientific)

10X transfer buffer (see recipe)

Sponge pad for blotting (Invitrogen)

Tris-buffered saline/Tween20 (TBST; see recipe)

Shaker plate/roller
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Ponceau S solution (Sigma-Aldrich)

Blocking solution (see recipe)

Rabbit anti-PARP-1 antibody (sc-7150; Santa Cruz Biotechnology)

Anti-rabbit Horseradish-peroxidase (HRP)-conjugated secondary antibody (#7074,
Cell Signalling Technology)

ECL™ Western blotting detection reagent (GE Healthcare)

ChemiDoc™ XRS+ system (Bio-Rad)

Image analysis software (ChemiDoc Touch, Bio-Rad)

Mouse anti-a-tubulin (DM1A; Cell Signalling Technology)

Anti-mouse Horseradish-peroxidase (HRP)-conjugated secondary antibody (#7076,

Cell Signalling Technology)

Protein preparation from mammalian cells
1. Trypsinise and seed mammalian cells at 1x10° cells/10 cm diameter petri dish (cell
culture grade) and incubate cells overnight in a cell culture incubator.
2. Gently wash cells with PBS (enough to cover the monolayer) and add NP/control
treatments at the desired concentration in GM, at a volume of 5-10 ml/plate. Incubate cells
for 72 hrs.
A positive control (pro-apoptotic drug) treatment should be used to ensure the
detection of apoptosis in the cell type of choice.
3. Remove the GM and wash cells twice in ice-cold PBS (enough to cover the
monolayer). Remove PBS and add 300 ul/plate ice-cold lysis buffer. Using a cell scraper
(chilled to 4°C), scrape the cells off the dish then gently transfer the resulting lysate in a pre-

cooled microfuge tube.
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IMPORTANT POINT: This step should be carried out on ice. From this step onwards
keep all fractions and reagents used on ice throughout.

4. Sonicate sample for 15-30 secs, typically 20 to 50 kHz.
At this frequency, sonication ensures complete cell lysis and shears the DNA to

reduce sample viscosity.

5. Centrifuge lysate at 4°C for 20 min at 16000g. Gently aspirate the supernatant
containing the protein extract and store in fresh cold tubes.
At this point samples can be stored as aliquots at -20 °C. Avoid repeated freeze-

thawing as this can reduce sample integrity.

6. Determine protein concentration using the Pierce™ BCA Protein Assay kit (Thermo
Fisher Scientific) according to the manufacturer’s protocol, or using a similar technique (e.g.
the Bradford assay;(Bradford, 1976).
Perform SDS-PAGE
7. Prepare 10-25 pg of total protein by adding DTT at a final concentration of 0.1 M, 1%
SDS in loading buffer (4X stock volume) to a total volume of 10-25 upl/sample. Denature
samples at 90 °C for 10 min.

DTT functions as a reducing agent to reduce disulphide bridges, whilst SDS functions

as an anionic denaturing detergent.

IMPORTANT NOTE: Wear gloves at all times when handling SDS-PAGE gels, as

acrylamide is a potent, cumulative neurotoxin.

8. Assemble the SDS-PAGE gel tank system and add 1 X running buffer to the top.
Carefully load the protein in the desired sequence and load protein markers according to the

manufacturer’s instructions.
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Alternative gel tank systems are available from different manufacturers, so follow the

assembly instructions for different apparatus accordingly.

Prepare the gel the same day or the day before (storing overnight in running buffer at

4°C). Alternatively pre-cast gels can be purchased.

Careful loading is critical to avoid sample spill over between adjacent gel lanes. We

recommend using gel-loading tips to prevent this.

9. Using gel electrophoresis, separate the proteins in a 12% SDS-PAGE resolving gel,
overlaid with a 5% stacking gel (Table ii). Run protein separation at 90 V through the

stacking gel and 120 V through the resolving gel.

10.  Once the proteins are fully resolved, dismantle the SDS-PAGE apparatus. Carefully
remove the gels from the casting plates, remove the stacking gel and discard. Keep the
resolving gel moist in transfer buffer, whilst preparing for immunoblotting.
Perform immunoblotting
11. Pre-soak a nitrocellulose transfer membrane in 1 X transfer buffer for 5 min.
If using a PVDF membrane, pre-soak in 100% methanol.
Membrane handling should be kept to a minimum and only use membrane forceps
when manipulating to reduce background staining.
12.  Prepare the transfer sandwich as previously described (Gallagher et al., 2008).
Briefly, sandwich the gel and membrane between layers of pre-soaked filter paper/blotting
sponges (in 1 X transfer buffer) in a transfer cassette, ensuring tight contact between the gel
and membrane. For tank blotting, assemble the transfer sandwich in the gel tank and perform

protein transfer in 1 X transfer buffer at 4 °C, ensuring the membrane faces the anode.
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IMPORTANT POINT: Avoid air bubbles between the gel and membrane as this can
lead to poor protein transfer. Using a clean pipette to roll over the membrane when
assembling the transfer sandwich can easily remove bubbles.
Alternatively protein transfer can be done using semi-dry blotting apparatus. These
systems should be used according to the manufacturer’s instructions.
13.  Once protein transfer is complete, carefully dismantle the transfer sandwich. Wash the
membrane twice in 1 X TBST (enough to cover the membrane) for 5 min on a shaker
plate/roller.
14.  Stain the membrane with Ponceau S solution (enough to cover the membrane) for 1
min, to visualise proteins and ensure complete transfer (protein bands will stain red). Then
wash the stain away with d.H.0 several times with agitation until all the Ponceau S solution is
removed from the membrane.
15. Block the membrane for 1-2 h at room temperature with agitation in blocking solution
(containing 5% milk; enough to cover the membrane).
5% BSA can also be used as a blocking reagent and for alternative antibodies to the
ones suggested here, should be used as recommended for individual antibody clones.
16. Dilute the anti-PARP-1 antibody in enough blocking solution to cover the membrane
and incubate with the membrane overnight at 4 °C with constant gentle agitation.
We standardly use a 1:200 dilution, but this will require optimisation for individual
cell types to determine the optimal antibody/protein ratio.
17.  Wash the membrane three times in 1 X TBST for 10 min each at room temperature
with constant agitation.
This step is important to remove any unbound antibody.
18.  Add the cognate secondary antibody diluted in blocking solution for 1 h at room

temperature with gentle agitation.
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Use the secondary antibody at a minimal dilution of 1:2500, although this will
require optimisation for the cell types used.
19. Repeat step 17. Incubate the membrane with ECL reagent (according to the
manufacturer’s instructions) and detect the chemiluminescent signal using the desired
imaging system (e.g. the ChemiDoc™ XRS+ system; Bio-Rad). Use image analysis software
to analyse protein band intensity.
X-ray film (with/without automated developing) is also a commonly used method for
signal detection.
20. Rinse membrane in methanol and then repeat step 17. Dilute the anti-a-tubulin
antibody in enough blocking solution to cover the membrane and incubate with the
membrane overnight at 4 °C with constant gentle agitation.
Detection of a-tubulin in the cells is used as a loading control. The choice of a
loading control can be modified depending on the cell type used and the size of the
protein(s) of interest being detected by immunoblotting.
21. Repeat steps 17-19.
Determining the ratio between the cleaved PARP-1 (89 kDa) and full-length PARP-1
(116 kDa) bands relative to the gel loading control, can be used as a readout for

caspase-mediated apoptosis.

BASIC PROTOCOL 3 - X. LAEVIS PHENOTYPIC ABNORMALITY ASSAY FOR
NANOTOXICITY ASSESSMENT

This protocol is designed to be used in parallel with cell-based cytotoxicity assays as part of
an integrated toxicity assessment in order to obtain a complete safety profile of a novel NP
(Fig. i). X. laevis is an ideal model organism to be used for comparatively high-throughput

screening (Tomlinson et al., 2009) and has been used as a toxicity model in the frog
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teratogenesis assay-Xenopus (or FETAX assay) for drugs in their early stages of drug safety
evaluation (Leconte and Mouche, 2013). This is largely due to X. laevis being a relatively
inexpensive and rapid model that that can be easily scaled-up as a large number of embryos
can be produced. X. laevis embryos develop externally, making them an easily accessible
system for exposure to NPs. Previous work has shown that this methodology allows both
external NP exposure and internal exposure to key internal organs for assessing potential
toxicity (Webster et al., 2016). Briefly, X. laevis embryos are exposed to a NP-containing
incubation solution over a desired developmental period that can be adapted depending on the

specific aims of the nanotoxicity assessment protocol.

Materials

Nieuwkoop and Faber (NF) stage 1 X. laevis embryos (see Support Protocol 4)

MMR solution (see recipe)

Pasteur pipette (we recommend glass. Whole embryos are too large to fit into a
standard pipette, therefore mark the end with a diamo