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Experimental setup for in vitro evaluation of metallic nanoparticles where interferences

depend on metal core, surface coating, and the test system.
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ABSTRACT

Screening programs for the evaluation of nanomaterial value and safety rely on in vitro tests.
The exceptional physicochemical properties of metallic nanoparticles (NPs), such as large
surface area and chemically active surface, may provoke their interferences with in vitro
methods and analytical techniques used for evaluation of biocompatibility or toxicity of NPs.
This study aimed to determine if such interferences could be predicted on the basis of the
surface characteristics of metallic NPs by investigating the effect of different surface coatings
of silver (AgNPs) and maghemite NPs (y-Fe,O3;NPs) on common in vitro assays scoring two
of the main cytotoxic endpoints: cell viability and oxidative stress response. We examined
optical, adsorptive and chemically reactive types of NPs interferences with cell viability
assays (MTT, MTS, and WST-8) and assays employing fluorescent dyes as markers for
production of reactive oxygen species (DCFH-DA and DHE) or glutathione level (MBCI).
Each type of tested NPs affected all of the six investigated assays leading to false
interpretation of obtained results. The extent and type of interference were dependent on the
type and surface coating of NPs as well as on their stability in biological media. The results
have shown that interferences were concentration-, particle type- and assay type-dependent.
This study demonstrated that common in vitro assays, without appropriate cause-and-effect
analysis and adaptation or modification, are ineffective in the evaluation of biological effects
of metallic NPs due to their interaction with optical readouts and assay components. A
comprehensive and feasible experimental setup has been proposed to gain a reproducible and

reliable in vitro evaluation as the first step in the health assessment of metallic NPs.

Keywords: nanoparticles, silver, maghemite, in vitro assay, interferences, cell viability,

oxidative stress
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Introduction

Recent medical and commercial uses of metals employ them in the form of nanoparticles
(NPs). The unique physicochemical properties and increased reactivity of NPs lead to rapid
commercialization and use of NP-based consumer products. For biomedical uses, there is
well-known application of metallic NPs like maghemite nanoparticles (y-Fe,O3;NPs) and
silver nanoparticles (AgNPs). y-Fe,O;NPs are the commonly investigated for current
applications in magnetic resonance imaging, multimodal imaging, thermo-therapy, drug
delivery, gene therapy, biomolecular separation.' Silver NPs have found their use in
biomedicine, water and air purification, food contact materials, clothing, and numerous
household products due to their excellent antimicrobial properties.” The worldwide production
of AgNPs is estimated to be more than 300 tons per year.” AgNPs have also received
considerable attention in biomedical imaging as promising candidates for molecular labelling
in surface enhanced Raman scattering, due to their surface plasmon resonance and large
effective scattering cross-section of individual AgNPs.* Given the potential clinical uses of

these NPs, the evaluation of their biocompatibility and safety is highly important.

The current biomedical verification of metallic NPs is based on in vifro screening to help
elucidate the mechanism of their interactions with cellular systems and consequences of their
action in vivo. There are a number of advantages of in vitro toxicity assays, although there are
not able to fully encounter all complex interactions that occur between multiple cell types in
vivo. Most in vitro assays are plate-reader based with optical readouts of luminescence,
absorbance, fluorescence, time-resolved fluorescence or fluorescence polarization.” They are
easy to perform, control and interpret, reduce animal testing, and the results are available
within a short time. Therefore, in vitro assessment is expected to be a core component of any

screening program to understand the biological effects of different NPs.”” However, such
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studies should ideally be designed to avoid any undesirable interactions and side effects

influenced by nanospecific properties.*”

Unique physicochemical properties of NPs such as high adsorption capacity, hydrophobicity,
surface charge, optical and magnetic properties, or catalytic activity may interfere with assay
components and/or detection systems used by in vitro methods.> " In last decade, an
increasing number of studies have evidenced data artefacts resulting from NPs interferences
with light absorption or fluorescence used for detection in assays, uncontrolled chemical
reactions, or adsorption of assay compounds to the NP surfaces.''" Simply performing in
vitro toxicity assays for NPs according to the manufacturers’ recommendations can lead to
underestimations or overestimations of toxicity."*'® It has been reviewed that engineered NPs
interfere with classic cytotoxicity assays in a concentration-, particle- and assay-specific
manner.”° Consequently, testing NPs with established and commercial assays represents a
challenge requiring careful analysis and evaluation of the assay system and data obtained.
Recent investigations have identified key issues that need to be addressed for improving the
accuracy of nanotoxicity assessments.’>" There are a number of criteria that have been
proposed how to integrate and avoid interferences with testing systems; %1821 je.  a
careful selection of the test systems and suitable methods that have to be established and
validated, well-characterized NPs, the use of available reference materials, behavioural
information of each NP type and its dispersions, inclusion of a range of relevant controls, use
of systematic approaches to prevent misinterpretation of data. All these studies’>" strongly
suggest that each in vitro test system has to be evaluated for each single NP type to accurately
assess the nanoparticle toxicity.

Therefore, NPs compatibility with in vitro assay is a very important requirement with a
dramatic impact on the validity of the results and consequently outcome of safety assessment

of nanomaterials.” However, possible interferences between NPs and the assay system are
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difficult to predict in advance, as they can be dependent on the chemical composition, particle

. J . . . A
size, shape, surface structure, surface charge, and stability parameters in dispersion media.”"°

1421 this

Although metal-based NPs were already described to interfere with in vitro assays,
study is the first comprehensive evaluation of different AgNPs and y-Fe,O;NPs. The most
recently published paper reported NP-assay interferences varying by multiple
physicochemical properties and chemical composition, and only rarely by the effect of a
single property (mainly size) of the same NPs type.

Therefore, this study aimed: 1) to predict the role of surface coating of metallic NPs on their
interferences with conventional in vitro assays, and 2) to assess the reliability and limits of in
vitro assays in the biocompatibility evaluation of metallic NPs. We chose two types of
metallic NPs, AgNPs and y-Fe,O3-NPs. Each type was of similar size and obtained by the
same production process, and stabilized with different surface coating. We selected the most
common in vitro assays that determine 2 different cytotoxic endpoints: metabolic activity and
oxidative stress (Table 1). A systematic investigation of assay interferences imparted by well-
characterized NPs was performed in the cell-free culture medium using a set of 7 silver NPs,
coated with trisodium citrate (CITAgNP), sodium bis(2-ethylhexyl)-sulfosuccinate
(AOTAgNP), cetyl trimethylammonium bromide (CTAAgNP), poly(vinylpyrrolidone)
(PVPAgNP), poly-L-lysine (PLLAgNP), Brij 35 (BrijAgNP) and Tween 20 (TweenAgNP),
and 3 maghemite NPs, uncoated y-Fe,O3-NPs (UNy-Fe,O3;NPs), and coated with D-mannose
(MANY-Fe,O3NPs) and poly-L-lysine (PLLy-Fe,O3NPs). For each of the six different in vitro
assays, we tested possible NPs interferences with optical readouts used for detection as well
as interactions between NPs and components used for each assay. Then, representative assays
(WST-8 and DCFH-DA) were evaluated for measuring NPs effects on human hepatoma

(HepG2) cells by implementing experimental setup developed within this project. This setup,
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schematically presented in Figure 1, is based on a well-known cause-and-effect analysis,”’

. . 1
proposed already as a core element of nanotoxicological assessments."”

Materials and methods

Chemicals and materials

If not otherwise stated, all of the chemicals were obtained from Sigma-Aldrich Chemie
GmbH (Munich, Germany). Phenol red—free Dulbecco’s modified Eagle’s medium (DMEM)
was obtained from Lonza (Verviers, Belgium). MTT Cell Proliferation Assay was purchased
from American Type Culture Collection (Manassas, USA). CellTiter 96 AQueous One
Solution Cell Proliferation Assay was obtained from Promega (Madison, USA). Cell
Counting Kit - 8 was purchased from Sigma-Aldrich. The plastic and glassware used for
chemical analysis and cell culturing were from Sarstedt (Belgium). Osmium tetroxide was
purchased from Agar Scientific (Stansted, UK) and TAAB epoxy resin (medium hard) from
Aldermaston (Berkshire, UK). All dilutions were made with ultrapure water (18.2 MQcm),
obtained from a GenPure UltraPure water system (TKA Wasseraufbereitungssysteme GmbH,

Niederelbert, Germany).
Synthesis and characterization of metallic nanoparticles

Seven different AgNPs were synthesized by the chemical reduction of silver nitrate (briefly
described in Supporting Information (SI)) and stabilized with structurally diverse surface
coatings — trisodium citrate (CITAgNP), sodium bis(2-ethylhexyl)-sulfosuccinate
(AOTAgNP), cetyl trimethylammonium bromide (CTAAgNP), poly(vinylpyrrolidone)
(PVPAgNP), poly-L-lysine (PLLAgNP), Brij 35 (BrijAgNP), and Tween 20 (TweenAgNP).

Immediately after synthesis, freshly prepared NP suspensions were washed twice with
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ultrapure water (UPW) using centrifugation at 15790 x g for 20 min. The washed AgNPs
were resuspended in UPW using ultrasound, and stored in the dark at 4 °C until use. Total
silver concentrations in AgNPs colloidal suspensions were determined in acidified solutions
(10% HNOs) using an Agilent Technologies 7500cx inductively coupled plasma mass
spectrometer (ICPMS) (Waldbronn, Germany). A silver standard solution (1000 mg/L in 5%

HNO:s) from Merck (Darmstadt, Germany) was used for calibration.

Three different maghemite nanoparticles (y-Fe,O3;NPs) - uncoated, coated with poly-L-lysine
and D-manose - were prepared according to methods described previously.** Shortly,
coprecipitation of FeCl, and FeCl; was achieved by increasing the pH with ammonium
hydroxide, followed by the oxidation of the resulting magnetite with sodium hypochlorite.*®
Obtained maghemite (y-Fe,03) was referred as uncoated y-Fe,O;NPs (UNy-Fe,O3NPs). The
post-synthesis coating of maghemite with D-mannose (MANy-Fe,OsNPs) or poly-L-lysine
(PLLy-Fe,03NPs) was achieved® by addition of D-mannose or poly-L-lysine to the primary

. 4
uncoated maghemite cores.”

The formation of nanosized metallic particles was verified by the presence of a Surface
Plasmon Resonance (SPR) peak measured using an UV-Vis spectrophotometer (CARY 300,
Varian Inc., Australia). Careful characterization of each NP type (concentration 10 mg/L) was
conducted in both UPW and phenol-red free DMEM as cell-free culture medium (CCM). The
aim was to ascertain whether there is a time-dependent agglomeration of NPs at various
incubation times in two different media, since the properties of agglomerated and individual
NPs may significantly differ. The size and charge of NPs were measured at 25 °C by dynamic
(DLS) and electrophoretic light scattering (ELS) at 173° using Zetasizer Nano ZS (Malvern,
UK) equipped with a green laser (532 nm). To avoid overestimations arising from the

scattering of larger particles, the hydrodynamic diameter (di;) was obtained as a value at peak
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maximum of size volume distribution function. Size values are reported as an average of 10
measurements. The charge of the NPs was characterized by zeta ({) potential values, which
was calculated from the measured electrophoretic mobility by means of the Henry equation
using the Smoluchowski approximation. Each sample was measured 5 times and the results
are expressed as average value. The data were processed by the Zetasizer software 6.32
(Malvern Instruments). In addition, particles were visualized using a transmission electron
microscope (TEM, Zeiss 902A) operated in bright field mode at an acceleration voltage of 80
kV. Images were recorded with Canon PowerShot S50 camera attached to the microscope.
TEM samples were prepared by depositing a drop of the particle suspension on a Formvar®

coated copper grid and air-drying at room temperature.
Cell viability assays

Three different cell viability assays were tested: MTT, MTS, and WST-8. All three assays use
tetrazolium salts that can be bioreduced by dehydrogenases in metabolically active cells to a
soluble formazan product. The quantity of formazan is indicative of the number of viable cells
in culture and can be determined spectrophotometrically. The MTT cell proliferation assay
determines cellular metabolic activity by the reduction of the yellow tetrazolium salt MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide) to a purple MTT-formazan
crystal. To dissolve the MTT-formazan crystals, DMSO was added and the quantity of MTT-
formazan was determined spectrophotometrically at 590 nm. The MTS cell viability assay
(Cell Titer 96”Aqueous Non-Radioactive Cell Proliferation Assay Kit) uses MTS (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)  that
can be bioreduced to a soluble MTS-formazan product which can be determined by recording
the absorbance at 490 nm. The WST-8 assay (Cell Counting Kit-8) utilizes the water-soluble

tetrazolium salt WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
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disulfophenyl)-2H-tetrazolium) which produces a water-soluble formazan dye. The quantity

of WST-8 formazan can be determined spectrophotometrically at 450 nm.
Evaluation of NPs interferences with cell viability assays

The tendency of each NP type to interfere with particular in vitro assay was measured in a
cell-free system. For each experiment, controls were included by measuring absorbance of
NPs in the absence of any reagent. Additional controls including kit reagents in the absence of
NPs were employed. The first series of experiments were performed in a cell-free culture
medium (CCM) according to the manufacturer’s instruction. Each NP type was loaded at
different concentrations onto 96-well plates and the absorbances were measured using a
Victor™ plate reader (Perkin Elmer, MA, USA). Final NP dilutions in 96-well plates were
prepared immediately before measurements from the stock dispersion in UPW (1 g/L). Each

measurement was performed at least in quintuplicate within the plate.

The second series of experiments was performed according to the manufacturer’s instruction,
but with an additional step. After incubation of NPs with kit reagents for 3 h at 37 °C in the
CCM and addition of dimethyl sulfoxide (DMSO) in the case of MTT assay, the mixture was
centrifuged at 1020 x g for 10 min, the supernatants were transferred into new 96-well plates

and the absorbances were measured on a plate reader.

In the third series of experiments, a formazan production was simulated by addition of a
reducing agent. After 3 h incubation of NPs with kit reagents in the CCM, ascorbic acid (AsA,
0.05 mM) was added and incubated for another hour at 37 °C. In the MTT assay, DMSO was
added at a ratio of 2:1 v/v and incubated another 10 min at 37 °C. The absorbance was
measured before and after centrifugation. Additional controls were included by incubating
NPs first without kit reagents, and subsequently with AsA to check possible interactions

between the different NPs and AsA.
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Oxidative stress assays

All three assays for the oxidative stress detection evaluated in this study (Table 1) utilize
fluorescent molecular probes: 2’,7 -dichlorofluorescin-diacetate (DCFH-DA),

dihydroethidium (DHE) and monochlorobimane (MBCI).

The DCFH-DA assay is based on the oxidation of 2°,7 -dichlorofluorescin (DCFH) dye by
different types of reactive oxygen species (ROS). DCFH is applied as diacetate (DCFH-DA)
which is easily taken up by the cells. The cleavage of lipophilic group occurs intracellularly
by unspecific esterases.'® The resulting DCFH is nonfluorescent until oxidized by ROS to
highly fluorescent 2,7 -dichlorofluorescein (DCF). In acellular systems, DA cleavage can be
achieved chemically using sodium hydroxide (as in the present study) or media. The
excitation of the DCF at 485 nm emits green fluorescence at 520 nm with intensity

proportional to the amount of ROS.

DHE is another widely used probe for detection of intracellular ROS production. In the
presence of a superoxide radical, DHE is oxidized to 2-hydroethidium (EOH) and
intermediate products. These intermediate products can react with hydroxyl radical or
hydrogen peroxide to form ethidium (E) to a much lesser extent.””> Whereas E fluorescence is
measured at excitation of 500-530 nm and emission of 590-620 nm, the EOH fluorescence is
measured at an excitation and emission wavelength of 480 and 567 nm, respectively (Chen et
al., 2013). EOH 1is stable within the cell, allowing for precise measurement of DHE

fluorescence without risk of intraconversion variability.

MBC(lI is a cell-permeable dye which reacts exclusively with glutathione (GSH) to generate a
highly fluorescent adduct that can be measured using excitation and emission wavelengths of
380 and 460 nm, respectively.’® GSH is an important marker of oxidative stress, active in

non-enzymatic oxidant defence mechanisms.
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Evaluation of NPs interferences with oxidative stress assays

All experiments utilizing fluorescent molecular probes were carried out in 96-well black
Costar plates with a clear bottom (Corning Inc., Corning, NY) to minimize fluorescence
interference between wells. The fluorescence readings were taken from the top of the wells
(top read). Both fluorescent probes and NPs dispersed in UPW or CCM (100 pl per well) at
defined concentrations were used as controls for each assay. Final NP dilutions in 96-well
plates were prepared immediately before measurements from the stock dispersion in UPW (1

g/L).

To test the interferences of NP dispersions with the DHE assay, different concentrations of
NPs dispersed in UPW or CCM were mixed with 10 uM DHE in 96-well plates. Fluorescence
was recorded five times, immediately after mixing and after 15, 30, 45 and 60 min of
mncubation at 37 °C with fluorescence excitation and emission at 485 and 520 nm,
respectively. Each experiment was repeated at least three times with five replications. The

effect of NPs on different concentration of DHE (1, 10 and 100 uM) was also evaluated.

The interference of NPs with the optical detection of DCFH-DA assay was assessed by
incubation of different concentrations of NPs with defined amounts of DCFH. DCFH-DA was
dissolved in DMSO to a concentration of 10 mM. Before using DCFH-DA in a cell-free
system, DA was cleaved off by incubation with NaOH in the dark (NaOH : DCFH-DA =2 : 1
mol/mol) for 30 min at room temperature. The resulting DCFH was neutralized with 25 mM
phosphate buffer (NaH,PO4: Na,HPO4 = 1:1 v/v; pH 7.4) and the solution was kept in the
dark at -20 °C until use. A 10 uM DCFH was then added to the wells of a 96-well plate
loaded with defined amount of NPs and fluorescence was measured over 1 h with an
excitation and an emission at 485 and 520 nm, respectively. Each experiment was repeated at

least three times with five replications. The effect of NPs on different concentrations of
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DCFH (1, 10 and 100 uM) was also evaluated. Each experiment was repeated at least three

times with five replications.

Additional experiments were performed in the presence of 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid (Trolox) to determine if the change in fluorescence
signal observed with NPs was only due to the optical interferences of NPs, or if they
interfered with DCFH oxidation. Trolox, a water-soluble vitamin E analogue, is a free radical
scavenger and inhibitor of lipid peroxidation. It is able to convert nonfluorescent DCFH to
fluorescent DCF.*’ Trolox (10 M) was applied to the plates before, after or during incubation
of NPs with DCFH (10 uM). This concentration is known to be sufficient to oxidize DCFH

increasing its fluorescence signal.®’

To test the effects of NPs on MBCI assay, the following protocols were used. Reaction
mixtures containing 20 uM MBCI and different concentrations of NPs in CCM were applied
to the plates and compared to wells loaded with MBCI or NPs alone in terms of fluorescence.
The effect of NPs on different concentration of MBCI (2, 20 and 200 uM) was also evaluated.
Fluorescence readings for all of the experiments were done after 15, 30, 45 and 60 min of
incubation at 37 °C. Afterwards, the second series of experiments was done in the presence of
GSH to determine whether the changes in fluorescence were induced by the interaction
between NPs and GSH. For this, 96-well plates were loaded with 20 uM MBCI, 60 uM GSH
and different concentrations of NPs in CCM. The mixtures were incubated for 30 min at 37
°C and fluorescence was measured. In the third series of experiments, adsorption of GSH onto
the surface of the NPs was tested by incubating GSH (60 uM) with different concentrations of
NPs in CCM for 2 h at 37 °C. Then, 20 uM MBCI was added to each well and incubated for

another 30 min at 37 °C. For each series of experiments, fluorescence signals were analysed
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with excitation and emission wavelengths at 355 and 460 nm, respectively, using the plate

reader. Each experiment was repeated at least three times with five replications.
Optimization of in vitro protocols in cell system

To determine the applicability of in vitro protocols for risk assessment of metallic NPs, two
conventional cell viability assays (MTT and CCK-8) were tested using HepG2 cells line. The
cells were cultured in DMEM medium, supplemented with 10 % vol. FBS, 20 IU/mL
penicillin and 20 pg/mL streptomycin. The cells were seeded at a density of 10° cells/mL and
maintained at 37 °C in a humidified atmosphere of 5 % CO; in air. The medium was replaced
every 2-3 days. Upon reaching 80 % adherent confluence, the cells were seeded in 96-well
tissue culture plates (3x10* cells/100 pL growth medium/well) in DMEM and incubated
overnight at 37 °C. Then, the cells were treated with different concentrations of NPs. In each
experiment, the stock NP suspensions were sonicated and freshly diluted to appropriate
concentrations in the cell medium. Negative controls without treatment were performed for
each analysis. DMSO-treated cells were used as positive controls. NPs were added to
quintuplicate wells to a final concentration ranging from 0 to 100 mg/L and incubated for
another 24 h. At the end of the exposure, the reliability of both assays, WST-8 and DCFH-
DA, were evaluated in control and exposed cells. To minimize the NP interferences, reagents
were added either directly or after washing of cells with 100 pul PBS/well. One, two and three
washing steps were tested. In the WST-8 assay, 10 uL of WST-8 solution was added to each
well. After 4 h incubation at 37 °C, the optical density at 450 nm was determined for each
well using a Victor' ™ multiplate reader (Perkin Elmer, MA, USA). In the DCFH-DA assay,
experiments were done by incubating the cells with different concentrations of NPs for 1 h at
37 °C. Cells treated with hydrogen peroxide (500 uM H,0,) were used as positive controls

and non-treated cells were used as negative controls. After treatment, the washing steps with
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PBS were introduced followed by staining with 10 uM DCFH-DA for 30 min at 37 °C. Cells
were then washed twice with PBS and analysed using a plate reader at an excitation
wavelength of 485 nm and emission wavelength of 535 nm. Data are expressed as percentage

fluorescence compared with relevant negative controls.
Statistical analysis

Data represent mean and standard deviations (SD). Differences between treatments for the
different measured variables were tested using simple and repeated measures ANOVA,
followed by Fisher LSD posthoc test when significant differences were found (p < 0.05). The
homogeneity of variances was tested using the Levene test. The level of significance (p <
0.05) is indicated by the asterisks. When most data were significantly different compared to
relevant controls, only non-significant differences were indicated with the letter n. All
statistical analyses were carried out using STATISTICA v12.0 software (StatSoft, Inc., Tulsa,

USA).

Results and discussion

In order to predict the biocompatibility and safety of various nanoproducts, one needs to
establish in vitro toxicity tests that can be used to screen nanomaterials. The establishment
and standardization of protocols for NP in vitro testing implies a good understanding of the
assay and possible interaction of NPs with assay system with respect to the parameters
measured.”"" In this study, six conventional in vitro assays were compared in terms of their
validity to assess toxicity and biocompatibility of well-characterized silver and maghemite
NPs stabilized with different surface coatings. Evaluation was performed following the

experimental scheme presented in Figure 1.
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Characterization and stability evaluation of AgNPs and y-Fe,O3;NPs

Nanoscale size, large surface area and unique material properties compared to micro-sized
counterparts are the main characteristics of NPs. In addition, metallic NPs have to be coated
with various types of polymers and surfactants to improve their biocompatibility and colloidal
stability in aqueous media, i.e. to prevent their agglomeration.”® Depending on their
characteristics, NPs will either diffuse or aggregate within certain media.® The colloidal
stability of metallic NPs in vitro depends on the pH, ionic strength, concentration of the

biomolecules and redox conditions of the media.>”

Generally, in vitro examinations require dispersing NPs into the culture medium. The cell
culture medium contains several inorganic salts, proteins, amino acids, and vitamins as cell
nutrients, which may affect NP stability. Although numerous in vitro nanotoxicity studies
have already been published, inconsistencies in results from the same type of NPs are
frequently reported. Determination of NP colloidal stability, especially under biologically
relevant conditions, is typically beyond the scope of toxicological studies. Poor NP
characterization and unknown stability during in vitro testing may lead to various artifacts.*”
A thorough characterization and stability evaluation of NPs are thus critical to robustly
interpret the results of in vitro testings and understand their behaviour in biological

. 14,222
media.” 4?22

While the in vitro or in vivo effects of different NPs characteristics, such as size and chemical
composition, on biocompatibility and toxicity have been published in many different papers,
the correlation between surface coating and behaviour of NPs in biological media is still a
question that needs to be resolved. Therefore, we prepared AgNPs and y-Fe,O3NPs of similar
sizes but stabilized with different surface coatings. This study began with an evaluation of the

physicochemical properties of the NP dispersions under experimentally relevant conditions.
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As the first step, changes in particle size, surface charge and aggregation behaviour of
purified NPs were carefully examined in both UPW and CCM using TEM, DLS and ELS.
Table 2 summarizes data obtained for hydrodynamic diameter (dy), polydispersity index (PdI)
and ¢{potential values. DLS measurements of AgNPs in UPW showed that the volume size
distribution was bimodal for all AgNPs except for AOTAgNP and CTAAgNPs characterized
by monomodal and trimodal distribution, respectively. In terms of size, almost all AgNPs
were in the range from 4.7 to 19.9 nm (Table 2). Only BrijAgNPs were larger with peak
maximum at 69.2 £ 6.7 nm (66 %) and 227.1 + 13.8 nm (34 %). Recorded TEM micrographs
were in accordance with DLS data. All of the AgNPs visualized by the TEM were spherically
shaped except rod-like CITAgNPs (Figure 2). All AgNPs were well-dispersed in UPW with
the exception of CTAAgNPs, which formed aggregates (Figure 2). The UV-Vis absorption
spectra presented in Figure S1, given in Supporting Information (SI), also proved the
formation of metallic NPs and were in accordance with both the DLS and TEM data. For all
AgNPs, the position of the surface plasmon resonance (SPR) peaks was between 380 and 430
nm. The broadened peaks of TweenAgNPs, CTAAgNPs and CITAgNPs can be easily
explained with the higher polydispersity of these NPs dispersions (Pdl value of ~0.5). Table 2
also shows that all AgNPs, except PLLAgNPs and CTAAgNPs, have negative { potential
ranging from -9.4 = 1.3 mV (TweenAgNPs) to -39.9 + 0.1 mV (CITAgNPs). Also, all three
investigated types of y-Fe,O3;NPs had negative ¢ potentials. For UNy-Fe,OsNPs and MANy-
Fe,O3NPs, the monomodal size distributions were observed using DLS (Table 2), while the
potentials values of -30.6 = 1.0 and -26.9 = 1.1 mV, respectively, indicated good colloidal
stability of these particles in UPW. Although PLL coating should have led to the net positive
surface charge, the { potential of PLLy-Fe,O3NPs close to zero (-5.4 £ 1.0 mV) could be the
result of negative ions left after synthesis and attached to the PLL. The same effect was

observed for PVPAgNPs and TweenAgNPs bearing an overall negative charge of -11.2 £ 2.3
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and -9.4 + 1.3 mV, respectively. Both coating, PVP and Tween 20, are neutral molecules and
should lead to a net surface charge close to zero. Obviously, BH, anions left after synthesis

and attached to the surface coatings of PVPAgNPs and TweenAgNPs leading to slightly
negative ¢ potentials. Having in mind the results of ELS, the considerable proportion (68 %)
of larger ie. aggregated, particles found for PLLy-Fe,O3NPs is comprehensible. The
¢ potential is based on the mobility of a particle in an electric field. It is related to the
electrical potential at the junction between the diffuse ion layer surrounding the particle and
the bulk solution.*” The ¢ potential is related to both surface charge and the local environment
of the particle giving indication of colloidal stability. The high £ potential, either negative or
positive, indicates high NP stability because it provides a repulsive force keeping the NPs
away from each other i.e. NPs tend to repel each other and exhibit no tendency for
aggregation. However, when the { potential approaches zero, interparticle repulsion decreases
as well as the stability of the dispersion, resulting in a weak reversible flocculation.®® As
expected, all NPs with ¢ potential <20 mV or > -20 mV were characterized with bi- or

trimodal size distributions with a certain proportion of larger particles (aggregates).

Furthermore, the influence of coating type on AgNPs or y-Fe,Os;NP stability in biological
environment was evaluated upon dispersing in cell-free culture medium (CCM). In agreement
with previous studies,”*! higher ionic strength of medium caused a significant aggregation of
all NPs, except for PVPAgNPs, while TweenAgNPs and PLLy-Fe,O3;NPs aggregated only
slightly. From the colloidal chemistry point of view, CCM is a complex medium, where
different interactions at the nanoscale level could be expected. A stable NP dispersion
requires a dominant electrostatic or steric repulsive force to maintain the particles separated.
NP stability of is affected if the attractive forces dominate, or particle collision is energetically

favored.” It is clear that the additives present in CCM decreased the stability of metallic NPs
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by decreasing the absolute value of {potential values for the tested NPs (Table 2). Upon
dispersing the tested NPs in the CCM, the electrostatic stabilization was not sufficient to
prevent aggregation or agglomeration which can be seen from the measured dy values (Table
2). Surface charge became more negative only for TweenAgNPs, PVPAgNPs and PLLy-
Fe,O3; NPs which did not show significant differences in the size distributions between UPW
and CCM. The TEM micrographs were in accordance with DLS measurements showing

particles organized in agglomerates, which were in nano- or micrometers (SI, Fig. S2).

These findings have important implications for interpretation of possible interferences with in
vitro assays. Change in characteristics and stability of NPs may alter their potential
interactions with components of the assays as well as optical measurements performed during
the running of in vitro assays. Additionally, the aggregation behaviour of certain types of NPs
may lead to wrong interpretations of the exposure dose applied during in vitro testing. When a
colloidally unstable NPs dispersion is applied to cells, the cell exposure concentration will

differ by the large aggregated NPs compared to individual NPs.*****

Interferences of AgNPs and y-Fe,O3;NPs with cell viability assays in cell-free system

Various cellular processes determine cell viability, which is the most commonly investigated
parameter in cytotoxicity testing. Detection of mitochondrial activity, as one of endpoints
used to evaluate cell viability, can be assessed using assays based on spectrophotometrical
determination of the reduction of different tetrazolium dyes in mitochondria of intact cells. In
several recent papers, it has been shown that different types of NPs may interact with the
substrate, depleting free tetrazolium salt and causing false negative results.® Additionally, NPs

may absorb or scatter UV-Vis light which will also induce misleading viability results.'*'®

As the first step in the evaluation of effects of surface coating of AgNPs or y-Fe;O3NPs on

cell viability tests, MTT, MTS and WST-8 assays were performed in CCM according to the
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manufacturer’s instruction. We observed important differences in NP interference with cell
viability assays depending on the NP metal type, their surface coating, and the assay tested.
Results are presented in Figures 3a-c. The MTT assay was the most vulnerable to the presence
of NPs. The presence of AgNPs increased absorbance significantly at the MTT-formazan
peak wavelength compared to negative control already at the low dose of 5 mg/L (Figure 3a).
The y-Fe,O3;NPs significantly increased absorbance at a higher concentration than AgNPs (10
mg/L; Figure 3a). For all of the tested NPs, the absorbance increase was dose-dependent,
which has already been described in several recent papers for other types of metallic NPs.'*"®
The optical properties of NPs, like surface plasmon resonance and quantum confinement, may
be the main reason for observed interferences during optical readouts of cell viability assays.
Thus, the absorbance of NPs alone was determined at the wavelengths used for the MTT,
MTS and WST-8 assays, i.e. 590, 490 and 450 nm, respectively. All of the tested NPs absorb
at these wavelengths which is also obvious from their UV-Vis absorption spectra (SI, Figure
S1). However, the results showed that a significant absorbance increase compared to the
tetrazolium salt (TS) controls started at the NP concentration of 50 mg/L. The lowest increase
in optical readouts was induced by AOTAgNPs, BrijAgNPs and TweenAgNPs. Interestingly,
the extent of interferences of these three AgNP types was low for MTS and WST-8 assays,

but comparably high for the MTT assay just like any other AgNP.

An enhancement of light absorption at the MTT-formazan wavelength by NPs therefore gave
false positive results leading to an underestimation of NP toxicity. In order to avoid these
shortcomings, background absorbance was subtracted on a plate reader. However, subtraction
did not remove high absorbance at the formazan peak for all NPs concentrations (Figures 3a-
c). Suspensions above 50 mg/L had significantly higher absorbances at 590, 490 and 450 nm
compared to TS controls. This means that the optical properties of NPs were not the main

reason for observed interferences with cell viability assays. Although necessary, determining
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background NP signals in cell-free viability controls is not sufficient to avoid false results.
Thus, other modes of interferences were inspected, like reaction with or binding of assay
components. Although it is unlikely that formazan would be formed from MTT in the absence
of cells, the obtained data revealed an increase in absorbance with an increase in NP
concentration even after the subtraction of NP background absorbance. Figure 3a clearly
shows that all AgNPs produced MTT-formazan already at > 5 mg/L. The effect was higher
for neutral and positively charged AgNPs compared to negatively charged CITAgNPs and
AOTAgNPs. The possible explanation could be a stronger interaction of negatively charged
tetrazolium dye with neutral and positively charged AgNPs. The y-Fe,OsNPs induced the
lowest increase in absorbance at 590 nm, even lower than negatively charged AgNPs (Figure
3a). Unlike AgNPs, formazan production by y-Fe,O3;NPs was more pronounced in the MTS
and WST-8 assays compared to the MTT assay. It is also interesting to note that for MTS and
WST-8 assays at NPs concentrations > 10 mg/L, subtraction of NPs background signal not
only annulled increased absorbance caused by the presence of NPs, but decreased optical
readouts by more than 20 % (Figures 3b-c). The reason could be the electrostatic interaction
of metallic NPs with MTS-formazan or WST-8-formazan leading to shifts in the UV-Vis
spectra and decrease in absorption at 490 or 450 nm. This is in accordance with other studies
where the interference with formazan was attributed not only to the light-adsorbing properties

of NPs, but also to the adsorption of different formazan products to NP detection.'”'#2°2

To compare the adsorption of MTT and WST-8 or their formazan products on the NPs, a
centrifugation step was introduced in the protocols after an incubation period of 4 h. In the
MTT assay, samples were centrifuged after the formazan solubilisation step, i.e. addition of
DMSO. Centrifugation may be useful to solve interference problems if the NPs do not adsorb
assay dyes, thus preventing their measurement. Figure 4a clearly shows that centrifugation

was effective in reducing optical signals. However, it also shows that the adsorption of both
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types of formazan products to NPs surface occurred. The adsorption of WST-8-formazan was
higher by > 40% compared to MTT-formazan solubilized in DMSO for both types of metallic
NPs. This is opposite with results published for carbon nanotubes.”** Concerning the more
hydrophilic character of AgNPs and y-Fe;O3NPs compared to carbon nanotubes, the addition
of DMSO may destabilize their binding with MTT-formazan. In both MTT and WST-8
assays, there were no clear concentration-dependent adsorptions of formazan to NPs (Figure
4a). Although other studies showed no interference of other metallic NPs (Ti0,, SiO,, MgO
and ZnO) with the WST assay,’?’ our results clearly presented the ability of AgNPs and y-

Fe,O3;NPs to interact with water-soluble WST dye.

In order to differentiate the adsorption of tetrazolium salt to NPs from the adsorption of
formazan to NPs, the incubation of NPs with tetrazolium reagent reduced to formazan with
ascorbic acid (AsA) was tested. The controls were tetrazolium salt and formazan generated by
AsA in the absence of NPs. The formazan concentration was measured before and after
centrifugation. For MTT assay, almost all of the tested NPs caused a reduction in the
measured formazan before centrifugation (Figure 4b). This reduction was less pronounced
with an increase in NP concentration. This indicates that a certain amount of MTT was bound
to NPs and disabled to be oxidized by the AsA, but simultaneously, MTT was oxidized to
formazan at higher NP concentrations. Only PVPAgNPs did not significantly affect the
amount of generated formazan. This is consistent with a previous experiment which also
showed that PVPAgNPs did not adsorb the MTT reagent (Figure 4a). Another plausible
explanation may be that the adsorption of MTT onto NP surfaces occurs concurrently and
concomitantly with its oxidation by the same NPs. It is also possible that DMSO is more
effective at reversing formazan binding NP during the MTT assay. After centrifugation, a

significant decrease in measured formazan was observed for all NP types and for both MTT
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and WST-8 assays in a dose-dependent manner (Figures 4b-c). This is a strong proof of

formazan binding to NPs. The PLLAgNPs exhibited the strongest adsorption capacity.

All of the tested particles exhibited evidence of physicochemical interactions with cell
viability assay compounds. Neutral and positively charged AgNPs were the most effective in
converting tetrazolium compounds and producing formazan under cell-free conditions at > 5
mg/L. The y-Fe,O3;NPs have also been found to reduce TSs to formazan under cell-free
conditions, but at 10 times higher concentrations. The results presented in Figure 4a-c proved
that AgNPs and y-Fe,O3;NPs were efficient in adsorbing both the TSs and formazan products
at concentrations ranging 1-50 mg/L. Thus, the cell viability assays would be only valid for
toxicity assessment of NPs at concentrations that do not reduce TSs or do not adsorb assay
reagents or products. There is an obvious need to consistently apply the protocol adaptations
using several lines of control experiments. Although we demonstrated that control
experiments including the optical readout of assay components and NPs alone help to
overcome the interference of cell-associated y-Fe;O4 NPs and to avoid false negative results,
our results on AgNPs imply that such adaptations may not be sufficient to make cell viability
assays applicable and feasible for evaluation of wide range of metallic NPs. The
centrifugation step to remove NPs from the wells, already proposed procedures to overcome
these interferences,””’ can even lead to further shortcomings during in vitro analysis. Extra
washing steps before TS addition may be simple, efficient and promising solution. However,
NPs easily stick to cells or container walls even after rinsing. The effectiveness of the rinsing
also depends on the particle surface characteristics. This complicates the adaptation of
protocols for avoiding interferences. Cell viability assays are dependent on live cells that
convert TSs in their metabolic pathways. It is difficult to design a perfect and accurate control

during experiments to reproduce what happens to an assay compounds in a cell system. The
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ways in which NPs can interfere with the cell viability assay are rather complex and careful

validation of results is needed when employing this assay for NP toxicity evaluation.
Interferences of AgNPs and y-Fe,O3;NPs with fluorescence probes in cell-free system

Fluorescence probes are widely used for the detection of reactive oxygen species (ROS). ROS
formation by redox reactions and oxidant injury are a paradigm of the toxic potential of
NPs.*® ROS production is a critical event in toxic effects if the protective mechanisms of cells
are overwhelmed causing an oxidative stress .” Such a state of redox disequilibrium may lead
to adverse biological effects like damage to proteins, DNA or lipids resulting in excess cell
proliferation, apoptosis, lipid peroxidation, or mutagenesis.” GSH is a major endogenous
antioxidant scavenger and the GSH-mediated antioxidant defence system is critical for
protection of cells against oxidative stress. There are many reports that metallic NPs induced
oxidative stress by ROS generation, oxidation of biomolecules, and enhancement of
antioxidative systems in cells.***° It has also been reported that GSH cellular levels are either
increased or decreased after in vitro treatment with NPs.*** Therefore, this study tested the
impact of different surface coatings of silver and maghemite NPs on their interferences with
the three most simple and common methods for the evaluation of oxidative stress response,
based on DCFH-DA, DHE and MBCI fluorescent probes. Like in the cell viability assays, a
number of NPs also seem to interact directly with fluorescent dyes, thereby compromising

. 17,28,4
their measurement.'”*%*

First, an incubation of each fluorescent probe with NPs was done at different time points (15,
30, 45 and 60 min) to assess fluorescent change with time (Figures 5a-c). Three different
concentrations of each fluorescence probe were tested (SI, figure S3). After careful
examination, concentrations of 10, 20 and 10 uM were chosen for DCFH-DA, MBCI and

DHE, respectively. Thus, the spontaneous oxidation of all three dyes was followed during 1 h
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in the presence of NPs. As NPs may produce background fluorescence in the absence of the
probe, changes in fluorescence intensity during 24 h were monitored for each NP alone.
Interferences were tested for the NP concentration range 0.1 - 1000 ug/L (Figure 6a-c).
Observed background fluorescence was subtracted from the fluorescence of the corresponding
reaction mixture. An apparent reduction in fluorescence signal was observed in each assay for
almost all of the tested NPs (Figures 5a-c). This suggests that NPs interact with dyes through
quenching the fluorescence, which is consistent with previously published data.'*'*'”'® For
the DCFH assay, a time- and dose-dependent decrease in fluorescence was obtained with all
v-Fe;O3NPs during 60 min, while DCF fluorescence decreased with increased AgNP dose
only during the first 45 min (Figure 5a). We observed no clear effect of surface coating of
NPs on their ability to quench the DCF fluorescence. However, dextran-coated maghemite
NPs was reported to increase DCF ﬂuorescence,]8 while our results showed that uncoated,

PLL-coated and D-manose-coated y-Fe,O3;NPs quenched DCF fluorescence (Figure Sa).

Fluorescence quenching is a well-known characteristic of metallic NPs, based on their
electrical interactions, which has already been exploited to manipulate the behaviour of
fluorophores in their vicinity.* Previous studies reported that metallic NPs could either
quench or enhance the fluorescence. According to previous studies reporting fluorescence
enhancement by AgNPs* and the fluorescence spectra of tested NPs (SI, Figure S1b), we also
expected fluorescence enhancement during testing interferences with DCFH, DHE and MBCI1
assays. Observed fluorescence quenching may be static and could be ascribed to an
association and interaction of the dyes with the NPs. If this is true, a single NP would be able
to complex more than a single dye. Bound to the metal surface, very fast energy transfer from
the dye to NPs leads to static quenching behaviour. With the increase of NP concentration, the
amount of free dyes in solution will decrease and thus, the fluorescence signal will be

decreased. This scenario could be ascribed to the interaction of tested NPs with all of the
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tested dyes. Quenching of fluorescent dyes by metallic NPs was shown to occur presumably

by adsorption onto NP surface.*

However, incubation of DHE and MBCI dyes with the tested NPs did not show time-
dependent quenching (Figures 5b-c). Moreover, BrijAgNPs did not induce any significant
effect, while CTAAgNPs and PLLAgNPs induced fluorescence enhancement in DHE assay
after 30 min (Figure 5b). It is likely that CTAAgNPs and PLLAgNPs exhibited increased
oxidative potential leading to the massive production of oxidative species during DHE assay
which masks fluorescence quenching. All of the other NP types decreased the fluorescence
signal which may be additionally explained by the ability of NPs to absorb light in the visible
spectrum (see Figure Sla in SI). Since both the excitation and the emission wavelengths of
the fluorescent dyes used in this study lie within the visible light spectrum, metallic NPs may
absorb not only the emission but also the excitation energy. Another reason for decreased

fluorescence could consist in the light scattering of NPs.

Changes in fluorescence intensity were the lowest in the MBCI assay. It should be
emphasized that MBCI dye is nonfluorescent until it forms adducts with GSH. As GSH was
not added in the experiments from Figures 5a and 6a, the decreased fluorescence signal
measured in the presence of NPs resulted from the light scattering of NPs. Therefore, the
effect of AgNPs and y-Fe,O3;NPs on the reaction between the MBCI probe and GSH was
evaluated. It has been shown here that MBCI forms adducts exclusively with GSH,*® which
can be fluorometrically measured. After incubating GSH and MBCI with different
concentrations of NPs, a significant increase in GSH-MBCI fluorescence was observed after
30 min for NP concentrations > 10 mg/L (Figure 7a). The observed enhancement may be due
to resonance energy transfer and electric field interaction described by Mie’s theory of
scattering. Higher NP concentrations caused a depletion of GSH-MBCI fluorescence signal

probably due to the adsorption of S-containing GSH onto the NP surface which was then no
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longer available for the formation of a GSH-MBCI adduct. Dramatic fluorescence signal
decrease was observed after 24 h of incubation with NPs, while GSH-MBCI fluorescence was
stable during 24 h. For both time points, fluorescence changes were dose-dependent; being
lower with higher NP concentrations applied (Figure 7a). The highest decrease was observed
for PLLAgNPs, CTAAgNPs and PVPAgNPs indicating their enhanced adsorption ability. In
the next experiment, GSH was first incubated with NPs for 2 h. The MBCI probe was then
added and fluorescence signal measured after 35 min of incubation. The results showed that a
dose-dependent decrease of fluorescence intensities occurred already at an NP concentration
of 1 mg/L (Figure 7b). The interaction with GSH was the most pronounced for positively
charged AgNPs and y-Fe,O3NPs. Without adapting the MBCI1 assay, NP interferences would
lead to false lower GSH values. The question remains if this problem can be overcome. Any
treatment with metallic NPs would lead to adsorption of GSH from the cell or tissue culture
onto NPs surface. Removing NPs by washing or centrifugation prior to the application of the
MBCI dye would also remove the adsorbed GSH. A possible way out is to work within the

NP concentration range, which would not significantly influence GSH level.

To determine the effects of AgNPs and y-Fe,OsNPs on the oxidation reaction of DCFH to
DCF, a Trolox antioxidant was used in the last series of experiments with fluorescent probes.
The incubation of Trolox with DCFH is known to result in a time- and dose-dependent
increase in DCF fluorescence.’’ During incubation, the abstraction of hydrogen from DCFH
to the Trolox phenoxyl radical resulted in the formation of fluorescent DCF. Upon addition of
AgNPs or y-Fe;O3NPs in incubation medium of DCFH and Trolox, DCF fluorescence
quenching was observed only for neutral and negatively charged AgNPs, while y-Fe,O3;NPs
and positively charged AgNPs caused an enhancement of the fluorescence signal (Figure 8a).
Next, DCFH-DA was incubated first with NPs for 24 h when Trolox was added to the

reaction mixture. The resulting fluorescence intensity was significantly increased in a dose-
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dependent manner compared to control (DCFH + Trolox). A higher dose of y-Fe,O3;NPs and
positively charged AgNPs produced a higher DCF fluorescence (Figure 8b). Although
fluorescence significantly increased with neutral and negatively charged AgNPs, these
intensities decreased with increasing concentrations of NPs. The reason may be that the
interaction of NPs with DCFH-DA during incubation produced either DCF or a significant
amount of reactive oxygen which could have enhanced the dehydrogenation of Trolox to its
phenoxyl radical and subsequently led to significant DCF production. For neutral and
negatively charged AgNPs, decreased fluorescence with increasing NP concentration may be
the result of competition between NP effect on DCF production and NP light scattering which
decreases fluorescence signals as NP concentration increases. The net fluorescence would
then be decreased with higher NP concentration. When Trolox was incubated first with NPs
for 24 h before addition of DCFH, DCF fluorescence was completely diminished (Figure 8b)

indicating the ability of NPs to destroy the Trolox phenoxyl radical.

Our results clearly indicate that fluorescence assays, without prior adaptation, would lead to
false-negative results and an underestimation of NP toxicity. Removing NPs from the solution
by washing or centrifugation, or lowering NP concentrations to non-interfering levels are
possible solutions to avoid methodological artefacts. Apart from this, the control testing of the
oxidative potential of each NP type should be performed to find an appropriate incubation

time.

Optimization of in vitro protocols in cell system

Taking into account the results presented in previous sections, we tested the simplest
adaptation strategy for removing NP interferences from the two most common cytotoxicity
tests — WST-8 and DCFH-DA assays. We evaluated the efficiency of introducing washing

steps during investigation of effects of different AgNPs on cell viability and oxidative stress
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response in HepG2 cells. In general, NPs should be eliminated from analysis as much as
possible in order to reduce the risk of interferences, e.g. by extensive washing,
ultracentrifugation, transferring supernatants, concentration control or other types of method

modifications.

Cells were exposed to AOTAgNPs, PVPAgNPs, PLLAgNPs and CTAAgNPs (for details, see
Materials and methods). Before the addition of assay reagents, cells were washed 1-3 times

with PBS pH 7.4 to remove NPs from wells.

The results presented in Figure 9 are rather indicative. Using only one washing step did not
yield accurate results either in the WST-8 or in the DCFH-DA assay. It is clearly visible that
the presence of NPs underestimated their cytotoxic effect on HepG2 cells. After 1-2 washing
steps, high cell viability (Figure 9a) and decreased ROS level (Figure 9b) were observed.
Only the third washing of cells from NPs traces resulted in more reasonable results, which
showed the cytotoxic potential of AgNPs depending on surface coating. Positively charged
AgNP decreased cell viability at a lower exposure concentration and induced production of
higher ROS levels than neutral and positively charged AgNPs. However, the extra washing
steps introduced in the protocol may present an additional source of shortcomings. Also,
positive and negative controls are necessary to indicate variability, repeatability, accuracy and
precision of experiment. The cells can be detached from the culture plate and removed with
the supernatants. Therefore, the rinsing protocol should be gentle, careful and highly
reproducible. HepG2 cells used in this study are highly adherent and easy to use. The problem
may arise with non-adherent cells, like stem cells, and that is when alternative changes to the

assay protocol should be considered.

Conclusions
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This study compared interferences in six conventional cytotoxicity assays caused by silver
and maghemite nanoparticles stabilized with different coating agents. The obtained data
demonstrate that in vifro evaluations of metallic NPs are not superficial and may result in
false conclusions. Table 3 summarizes the type of interferences of each NP with each of the
tested in vitro assays. For all of the NPs, interferences derived from the optical properties of
NPs, their adsorptive capacity and ability for chemical interaction with assay components.
Results fluctuated depending on metal core and surface coating of NPs, as well as on the
assay system. The observed non-biological artefacts claim that a comprehensive
characterization of the intrinsic properties of metallic NPs and their stability in biological
media should be performed prior to any biological experiments. Indeed, all of the tested NPs
exhibited size distributions that rapidly increased upon suspension in cell culture media

implying their instability.

The following recommendations should be adopted in future biomedical evaluations of

metallic NPs:

- the tendency of NPs to aggregate in the cell culture media should be examined and used for

corrections in experimental design;

- the impact of different NP types, different media, additives and assay compounds should be
accounted for and the choice of optimal assay should be based upon the nature of NP

interactions with assay components;

- the NP concentration should be decreased as much as possible or even limited in the final
sample in order to reduce the risk of interferences, e.g. by extensive washing,

ultracentrifugation, transferring supernatants or adaptation of assay;

- as many as possible control experiments should be included during evaluation and multiple

assays should be performed, if possible, depending on NP type;



Page 31 of 56 RSC Advances

31

- visual examination of cell cultures after their exposure to NPs may also be critical during

investigation.

In view of existing gaps for a robust biomedical testing of novel NPs, it is imperative that any
investigation of biocompatibility and safety of NPs be carefully accomplished bearing in mind

every possible interference and interaction with the test system.
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v-Fe,O3NPs, maghemite nanoparticles; AgNPs, silver nanoparticles; AOTAgNP, sodium
bis(2-ethylhexyl)-sulfosuccinate coated silver nanoparticles; AsA, ascorbic acid; BrijAgNP,
Brij 35 coated silver nanoparticles; CCM, cell-free culture medium; CITAgNP, trisodium
citrate coated silver nanoparticles; CTAAgNP, cetyl trimethylammonium bromide coated
silver nanoparticles; DCF, 2,7 -dichlorofluorescein; DCFH, 2,7 -dichlorofluorescin; DCFH-
DA, 2’,7’-dichlorofluorescin-diacetate; DHE, dihydroethidium; DLS, dynamic light
scattering; DMEM, phenol red—free Dulbecco’s modified Eagle’s medium; DMSO, dimethyl
sulfoxide; E, ethidium; ELS, electrophoretic light scattering; EOH, 2-hydroethidium; FBS,
fetal bovine serum; GSH, glutathione; HepG2, human hepatoma cells; ICPMS, inductively
coupled plasma mass spectrometer; MANy-Fe,O3;NPs, D-mannose coated y-Fe,O;
nanoparticles; MBCI, monochlorobimane; MTS, (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium); MTT, (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazoliumbromide); NPs, nanoparticles; PBS, phosphate buffer solution;
PLLy-Fe,O3NPs, poly-L-lysine coated y-Fe;Os-nanoparticles; PLLAgNP, poly-L-lysine
coated silver nanoparticles; PVPAgNP, poly(vinylpyrrolidone) coated silver nanoparticles;
ROS, reactive oxygen species; SD, standard deviation; SPR, Surface Plasmon Resonance;
TEM, transmission electron microscope; TS, tetrazolium salt; TweenAgNP, Tween 20 coated
silver nanoparticles; UNy-Fe,OsNPs, uncoated y-Fe,Os-nanoparticles; UPW, ultrapure water;
WST-8, (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-

tetrazolium).
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TABLE 1. The in vitro assays used in this study.
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Assay Dye/Compound Type of action Readout
detected
MTT (3-(4,5-dimethylthiazolyl-2)- Absorbance (590
(MTT Cell 2,5-diphenyltetrazolium nm)
Proliferation)  bromide (MTT)
MTS 3-(4,5-dimethylthiazol-2-yl)-5- Absorbance
Cell viability
(CellTiter 96® (3-carboxymethoxyphenyl)- (490 nm)
through
AQueous One 2-(4-sulfophenyl)-2H-
determination of
Solution Cell tetrazolium, inner salt (MTS)
mitochondrial
Proliferation)
function
WST-8 2-(2-methoxy-4-nitrophenyl)- Absorbance
(Cell Counting 3-(4-nitrophenyl)-5-(2,4- (450 nm)
Kit-8) disulfophenyl)-2H-tetrazolium,
sodium salt (WST-8)
DCFH-DA 2’,7’-dichlorofluorescin- Production of a Fluorescence;
diacetate (DCFH-DA) variety of reactive excitation (485 nm)

oxygen species

emission (520 nm)

DHE Dyhydroethidium (DHE) Production of

superoxide radicals

Fluorescence;
excitation (485 nm)

emission (570 nm)

MBCI Monochlorobimane (MBCI) Glutathione level

Fluorescence;
excitation (355 nm)

emission (460 nm)
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TABLE 2. Hydrodynamic diameter (dy), zeta potential () and polydispersity index (PdI) of
silver and maghemite nanoparticles with different coatings in ultrapure water (UPW) and cell-

free culture medium (CCM) after 1 h.

UPW CCM
Particles dy (nm) £ (mV) Pdl dy (nm) £ (mV) Pdl
(% mean volume) (% mean volume)
CIT 13.4 £2.5 (86%) -399+1.7 0.5 587+26.8(11%) -19.1+09 04
AgNPs 63.3 £ 14.1 (14%) 484.4 +£211.3 (89%)
AOT 19.9 £ 0.5 (99%) -273+0.1 0.2 35.6=%7.6(7%) -19.1+1.1 0.3
AgNPs 409.0 = 74.1 (93%)
PVP 4.7+ 0.9 (98%) -11.2+23 04 4.1+1.2(98%) -6.6+0.6 0.5
AgNPs 33.5+4.0 2%) 37.9+ 7.6 (2%)
Brij 69.2 £ 6.7 (66%) -36.9+32 03 522+263(17%) -199+23 0.3
AgNPs 227.1 +£13.8 (34%) 269.5 +25.6 (83%)
Tween 5.5+0.3(98.9%) 94+13 0.5 11.3£2.4(93.2%) -16.7+1.2 0.6
AgNPs 36.1 +£2.5 (1.2%) 98.3 + 15.9 (4.5%)
PLL 7.4+ 1.3 (96%) +23.6+4.0 0.2 18.6+9.5(4%) 0.3
-5.4+£2.0
AgNPs 55.1 £13.4 (4%) 686.6 £ 133.8 (96%)
CTA 6.2 +4.6 (70%) +37.6+1.6 0.5 100.1+£51.6(27%) -83+£3.0 04
AgNPs 40.0 £ 17.4 (26%) 442.7 + 175.3 (73%)
158.5 £ 62.2 (4%)
UN 109.15+2.7(99%) -30.6+1.0 0.2 765.7+170.4(99%) -18.8+0.6 0.4
v-Fe,O3;NPs
PLL 110.1 +£15.9(32%) -54+04 0.5 138.84+35.0(23%) -143+1.1 0.7

y-Fe;0;NPs  499.8 + 127.9 (68%) 688.6 £ 167.3 (77%)
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MAN 100.9£3.7(98%)  -26.9+1.1 02 723.0+170.6(99%) -17.9+0.7 0.3

'Y-F6203NPS
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TABLE 3. Summarized results on interferences of differently coated silver and maghemite

nanoparticles with in vitro assays.

Assay NPs type Interferences Artefacts Solutions
Optical, production Increased cell
of formazan viability
MTT
All  AgNPs and y- Decreased cell
and Adsorption of
Fe,O3;NPs >5 mg/L viability if Limiting NPs
MTS tetrazolium salt or
centrifugation  concentration,
formazan
is used background
Optical, production Increased cell subtractions,
of WST-8-formazan viability control
All  AgNPs and y- Decreased cell experiments,
WST-8 Adsorption of WST-
Fe,O3NPs >10 mg/L viability if extensive
8 or WST-8-
centrifugation  washing,
formazan
is used avoid
Fluorescence centrifugation,
All AgNPs and y- quenching and Decreased ROS cell counting,
Fe,O3;NPs >0.1 mg/L adsorption of level flow
DCFH-
fluorescent dye cytometric
DA
Positively charged analysis
Oxidation of DCFH Increased ROS
AgNPs and y-Fe,O3;NPs
to DCF level
>0.1 mg/L
Neutral and negatively Fluorescence Decreased ROS
DHE
charged AgNPs (except quenching and level
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BrijAgNPs) and  y-

Fe;O3NPs >0.1 mg/L

adsorption of

fluorescent dye

MBCI1

Positively and
negatively charged
AgNPs and y-Fe,O3;NPs

>0.1 mg/L

Fluorescence
quenching and Decreased
adsorption of GSH level

fluorescent dye

All  AgNPs and y-

Fe,O3NPs >5 mg/L

Decreased
Adsorption of GSH
GSH level
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Figure 1. Experimental setup for in vitro evaluation of metallic nanoparticles.
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Figure 2. Transmission electron micrographs (TEM) of silver nanoparticles coated with

trisodium citrate (CITAgNP), sodium bis(2-ethylhexyl)-sulfosuccinate (AOTAgNP), cetyl

trimethylammonium bromide (CTAAgNP), poly(vinylpyrrolidone) (PVPAgNP), poly-L-
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lysine (PLLAgNP), Brij 35 (BrijAgNP) and Tween 20 (TweenAgNP), and maghemite NPs,
uncoated y-Fe,O3-NPs (UNy-Fe,O3NPs), and coated with D-mannose (MANy-Fe,O3;NPs) and

poly-L-lysine (PLLy-Fe,O3NPs).
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Figure 3. Interferences of differently coated AgNPs and y-Fe,O;NPs with (a) MTT, (b) MTS,
and (c) WST-8 cell viability assays. Absorbance of reaction mixture of tetrazolim salts and
NPs were presented before (white columns) and after (dark grey columns) background

subtraction of control reagents and NPs alone. * indicates significantly different values from

the control (tetrazolium salts: MTT, MTS or WST-8) at P<0.05.
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Figure 4. Interferences of differently coated AgNPs and y-Fe,OsNPs with MTT and WST-8
cell viability assays. (a) Absorbance of reaction mixture of NPs and MTT (grey circle) or
WST-8) grey triangle) after centrifugation. (b) Absorbance of reaction mixture of MTT,
ascorbic acid (AsA) and NPs before (grey circle) and after (white triangle) centrifugation. (c)
Absorbance of reaction mixture of WST-8, AsA and NPs and after centrifugation. " indicates
values that were not significantly different from the control (reaction mixture of NPs, AsA
and MTT or WST-8), while all other values were significantly different from the control at

P<0.05.
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Figure 5. Interferences of differently coated AgNPs and y-Fe,O3;NPs with DCFH-DA (a),
DHE (b) and MBCI (c) assays at two different NPs concentrations (white columns for 10
png/L, and dark grey columns for 1000 pg/L). Fluorescence was measured at 0, 15, 30, 45 and
60 min after mixing NPs with fluorescent probes in cell-culture media. " indicates values that
were not significantly different from the control (fluorescent probes alone), while all other

values were significantly different from the control at P<0.05.
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Figure 6. The effect of different concentrations of AgNPs and y-Fe,OsNPs with different
surface coating on DCFH-DA (a), DHE (a) and MBCI (c) assays after 45 min of incubation at
37 °C. " indicates values that were not significantly different from the control (fluorescent

probes alone), while all other values were significantly different from the control at P<0.05.
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Figure 7. The effect of different concentrations of AgNPs and y-Fe,Os;NPs with different
surface coating on MBCI-GSH adduct formation. (a) The MBCI, GSH and NPs were mixed
and fluorescence was measured after 30 min (white circle) and 24 h (grey cubes) after
incubation at 37 °C. (b) The GSH was incubated with NPs for 2 h and fluorescence was

measured 30 min after addition of MBCI. " indicates values that were not significantly
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different from the control (MBCI + GSH), while all other values were significantly different

from the control at P<0.05.
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Figure 9. The effect of 1-3 washing steps on cell viability and ROS level in HepG2 cell
treated with different concentrations of differently coated AgNPs. (a) The cell viability was
employed using WST-8 assay. Negative control was cells in DMEM, while positive control

was cells treated with DMSO. (b) ROS level measured by DCFH-DA assay. Negative control

was cells in DMEM, while positive control was cells treated with 100 uM hydrogen peroxide.



