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Abstract: Methodologies across the dispersion preparation, characterization, and cellular dosimetry
of hydrophilic nanoparticles (NPs) have been developed and used extensively in the field of nanotox-
icology. However, hydrophobic NPs pose a challenge for dispersion in aqueous culture media using
conventional methods that include sonication followed by mixing in the culture medium of interest
and cellular dosimetry. In this study, a robust methodology for the preparation of stable dispersions
of hydrophobic NPs for cellular studies is developed by introducing continuous energy over time
via stirring in the culture medium followed by dispersion characterization and cellular dosimetry.
The stirring energy and the presence of proteins in the culture medium result in the formation of a
protein corona around the NPs, stabilizing their dispersion, which can be used for in vitro cellular
studies. The identification of the optimal stirring time is crucial for achieving dispersion and stability.
This is assessed through a comprehensive stability testing protocol employing dynamic light scatter-
ing to evaluate the particle size distribution stability and polydispersity. Additionally, the effective
density of the NPs is obtained for the stable NP dispersions using the volumetric centrifugation
method, while cellular dosimetry calculations are done using available cellular computational mod-
eling, mirroring approaches used for hydrophilic NPs. The robustness of the proposed dispersion
approach is showcased using a highly hydrophobic NP model (black carbon NPs) and two culture
media, RPMI medium and SABM, that are widely used in cellular studies. The proposed approach
for the dispersion of hydrophobic NPs results in stable dispersions in both culture media used here.
The NP effective density of 1.03-1.07 g/cm? measured here for black carbon NPs is close to the culture
media density, resulting in slow deposition on the cells over time. So, the present methodology for
dispersion and dosimetry of hydrophobic NPs is essential for the design of dose-response studies
and overcoming the challenges imposed by slow particle deposition.

Keywords: hydrophobic nanoparticles; black carbon; dispersion; protein stabilization; cell culture;
in vitro testing; effective density; dosimetry

1. Introduction

Engineered nanoparticles (NPs) are finding their way into many products and appli-
cations in various fields, including cosmetics, catalysts [1], sensors [2,3], medicine [4,5],
as well as in agriculture and food areas [6,7], leading to inevitable human exposure [8,9].
Moreover, various environmental NP pollutants undergo undesired release to the envi-
ronment during the manufacturing of nano-enabled products [10-13] or as a by-product
of fossil fuel combustion in diesel [14,15], marine [16,17], and aircraft engines [18,19], or
wildfires [20-22].

There is also emerging evidence that nanoscale particles can bypass biological barriers,
become systemic [23,24], interfere with cell function and can be bioactive and toxic [25,26].
Thus, their effects on biological systems should be quantified [27]. The standard toxicologi-
cal evaluation of both environmental [28] and engineered [29] NPs requires in vitro studies
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using cell cultures, wherein the NPs are dispersed in biorelevant solutions containing cells
to assess the bioactivity and mechanistic pathways of interest [27,30].

For hydrophilic NPs, such as metal oxides or silica, in the nanotoxicology field,
there have been methods developed and standardized across the dispersion preparation—
characterization—dosimetry continuum [31-33]. The dispersion of hydrophilic NPs takes
place first in water at a predetermined critical sonication energy as described by the
authors in their previous publications [31,34]. Then, the dispersion is mixed by vortex-
ing in the culture medium of interest, which results in fairly well-dispersed and stable
NP dispersions. It is worth noting that direct sonication of NPs in the culture medium
is prohibited in order to avoid generation of reactive oxygen species from sonolysis and
protein denaturation [35-37]. On the other hand, hydrophobic NPs cannot be easily wetted
by pure water [38] and, thus, an alternative methodology is needed to prepare stable
NP dispersions in culture media for cellular studies.

In order to properly disperse hydrophobic NPs in water, they have to be chemically
modified [39,40] or non-covalently stabilized by various chemical surfactants [40,41] that al-
ter the particle surface chemistry and may affect the interaction between nanoparticles and
the biological system, compromising in that way the toxicological endpoint evaluation [42].
Previously, a direct dispersion in cell culture media in combination with sonication was
done [43], which may, however, affect proteins in the media due to sonication-induced
aggregation [44] and also generate reactive oxygen species via sonolysis and protein denat-
uration [35].

In this study, we introduce a methodology for dispersing hydrophobic NPs directly in
cell culture media without using chemical surfactants and sonication. The methodology
builds upon the work described in detail by DeLoid et al. [34]. So, a sonication step is substi-
tuted by continuous stirring in the presence of proteins, such as fetal bovine serum (FBS) or
bovine serum albumin (BSA), that are present in the cell culture media. The proteins adsorb
on the surface of hydrophobic NPs mostly by hydrophobic interactions [45-47] and form
a protein corona [48-51]. This enables the formation of stable dispersions in water that
can be used in cellular studies, such as cytotoxicity testing or investigation of various
toxicological endpoints, which is essential for the toxicological evaluation of hydrophobic
nanoparticles. Adsorption of proteins is governed by their chemical identity, as well as
by the nanoparticle surface properties [48,50,51]. It is well known that proteins readily
adsorb on hydrophobic nanoparticles [52]. Therefore, the methodology presented here for
the dispersion of nanoparticles in cell culture media will be effective for the vast majority
of hydrophobic nanomaterials. Stabilization of dispersions of hydrophobic NPs using
proteins has been previously investigated for microplastics [53]. The robustness of the
method is showcased here using model hydrophobic black carbon (BC) NPs and two types
of cell culture media, which differ in protein content: RPMI medium supplemented with
10% FBS, and SABM supplemented with 1% BSA.

2. Methods
2.1. Summary of the Dispersion Preparation and Characterization Approach for Hydrophobic NPs

Figure 1 illustrates the proposed approach of preparing, characterizing, and modeling
dosimetry for hydrophobic NPs. To create a stable dispersion suitable for toxicological
evaluations in cell cultures, a protocol involving stirring NPs over time directly in a culture
medium enriched with proteins is described here (Part 1).

Proteins adsorbed on the surface of these NPs mostly through hydrophobic inter-
actions, creating a protein corona [51] that enabled the NPs to suspend in an aqueous
environment. The resulting NP dispersion was then characterized in detail using dynamic
light scattering (DLS) to obtain the particle size distribution and its stability over time,
and the volumetric centrifugation method (VCM) to obtain the effective density of the
formed agglomerates (Part 2). Lastly, fate and transport modeling was used in order to
gather information about dosimetry and NP deposition to cells as a function of exposure
time (Part 3).
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Figure 1. Overview of hydrophobic particle dispersion preparation. An adjusted methodology
enabling the preparation of dispersions of hydrophobic particles in biorelevant media suitable for
in vitro toxicology studies (Part 1). The dispersion prepared that way is further characterized by
dynamic light scattering (DLS) to obtain the NP hydrodynamic diameter, and by the volumetric
centrifugation method (VCM) to obtain the effective density (Part 2), while computational fate and
transport modeling is used to determine the dosimetry (Part 3). Adapted with permission from
DeLoid et al. [34].

The proposed approach was validated experimentally using a hydrophobic NP model,
namely the BC NPs described in Section 2.2, and two widely used cell culture media as
described below. The effect of stirring energy and time was also investigated in this case
study as described in detail below.

2.2. Synthesis and Contact Angle Characterization of Hydrophobic Black Carbon NPs

Hydrophobic BC NPs were generated by enclosed spray combustion of jet A fuel
at an effective equivalence ratio of 1.77 as described by the authors in their previous
publication [15]. The morphology, composition, nanostructure, and primary particle size
distributions of the BC NPs emitted by the reactor are in excellent agreement with those
measured from real aircraft engines [54,55].

The hydrophobicity characterization of the BC NPs was done using a custom-made
goniometer following the procedure proposed by Lamour et al. [56]. In brief, BC was
placed on a glass fiber filter, a hydrophilic substrate, and then pressed to create a flat and
even surface. Then, a drop of deionized water was placed on the pressed BC layer with a
syringe. A photo was taken and the water contact angle (WCA) was estimated by analyzing
the image using Image [57]. The contact angle measurements obtained using the present
goniometer were validated by comparing them to the WCA of a commercial carbon black
(Printex 95, Orion Engineered Carbons, Eschborn, Germany) measured with a commer-
cial high-precision optical measuring device (OCA35, DataPhysics, Charlotte, NC, USA).
The WCA = 89° £ 5° measured using the custom-made goniometer is in excellent agree-
ment with the WCA of 90° & 5° obtained using the commercial one (Figure S1), validating
the present WCA measurements.

2.3. Model Cell Culture Media Used in the Case Study

Roswell Park Memorial Institute Medium 1640 (RPMI, 1875-093, Gibco, Thermo Fisher
Scientific Inc., Waltham, MA, USA) was supplemented with 10% heat-inactivated fetal bovine
serum (FBS, 35-011-CV, Cornig, Glendale, AZ, USA), 1% penicillin-streptomycin solution, 1%
HEPES buffer, and 1% amphotericin B. Small Airway Basal Medium (SABM, CC3119, Lonza,
Morristown, NJ, USA) was supplemented with 1% bovine serum albumin (BSA; CC4162M),
0.1% epinephrine (CC4221M), 0.1% hydrocortisone (CC4031M), 0.1% transferrin (CC4205M),
0.4% mL bovine pituitary extract (CC4002M), 0.1% mL retinoic acid (CC4085M), 0.1% mL
epidermal growth factor (CC4230M), 0.1% mL gentamicin sulfate amphotericin B (CC4081M),
0.1% mL insulin (CC401M), and 1% penicillin/streptomycin antibiotics.
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2.4. Dispersion and Characterization of BC NPs in Cell Culture Media

About 1 mg of BC was placed in a sterile 20 mL scintillation glass vial with a screw
top. Subsequently, a Teflon-coated magnetic stirring bar was introduced into the vial,
and 10 mL of the selected medium (RPMI + 10% FBS, or SABM + 1% BSA) was added.
The sample was vortexed for 10 s using an analog vortex mixer set to a maximum speed.
Then, it was placed on a magnetic stirrer adjusted to 500 rpm and stirred at room tem-
perature. To enhance the interaction of hydrophobic NPs with the protein-containing
medium and facilitate the stabilization process, the sample was vortexed for 10 s every
hour for the first 6 h of the stirring process. Following this period, vortexing was stopped
to limit foaming.

Samples were then stirred at 500 rpm for 6, 12, 24, 48, or 72 h to identify the optimal
stirring time. After completing the stirring, the sample was removed from the stirrer,
vortexed for 10 s, and 1 mL of the dispersion was collected for particle size distribution
analysis using dynamic light scattering (DLS; Zetasizer Nano-ZS, Malvern Panalytical,
Westborough, MA, USA). A real refractive index part of 1.66 [58] was used to analyze BC
NPs with DLS. The refractive indexes were set to 1.34 and 1.33 for SABM and RPMI medium,
respectively, while the dispersant viscosity was set to 1.054 and 0.98 cP, respectively (default
dispersant settings). The remaining sample in the original glass vial was stored at room
temperature for 24 h to study the stability. Then, it was vortexed for 10 s, and 1 mL was
collected and analyzed by DLS. Triplicates were obtained for each DLS measurement to
derive the error bars for each particle size distribution.

2.5. Effective Density Measurements and Particle Dosimetry

The effective density, p.¢, of dispersed BC NPs in SABM or RPMI medium was ob-
tained following the protocol outlined by DeLoid et al. [59]. In brief, 1 mL samples of
0.1 g/L dispersion were dispersed into TPP PVC tubes (Techno Plastic Products, Trasadin-
gen, Switzerland) and centrifuged at 3000x g for 3 h. The agglomerate pellet volumes,
Vpellet, Were measured using a slide rule-like easy-measure device also obtained from the
PCV tube manufacturer. Effective agglomerate densities were calculated from V. values
of triplicate samples for each medium according to Equation (1) utilizing a bulk BC density,
pp, of 1.8 g/cm?, the density of the given culture medium, i, the mass of BC NPs, mpc,
and a stacking factor, SF, of 0.634, i.e., the theoretical value for random close stacking of

particle agglomerates [60]:
mpc Pmedia
— |1 -——= 1
(VpelletSP> < Pb )] @

The effective density value together with the volume-based particle size distribution
of the BC in the cell culture medium were employed to calculate the delivered dose
metrics as a function of exposure time using a numerical distorted grid (DG) model [32,61].
The summary of input parameters for the computational modeling is provided in Table S1.
It is worth noting that other cellular dosimetry models available can also be used for the
dosimetric calculations [33,62].

Peff = Pmedia +

3. Results and Discussion
3.1. Characterization of BC NPs

The BC NPs used in this study were generated by enclosed spray combustion of
jet A fuel [15]. The morphology, composition, nanostructure, and primary particle size
distributions of these BC NPs are in excellent agreement with those measured from real
aircraft engines [54]. The details on the physicochemical properties of BC NPs used in this
study are presented in great detail by the authors in their previous publication ([15]: sample
produced at 0% O, concentration). In summary, the BC NP agglomerates consist of primary
particles with a mean diameter of 12 nm and a specific surface area of 292.3 m?/g. They
consist mostly of non-volatile, elemental carbon, as their organic-to-total carbon (OC/TC)



Nanomaterials 2024, 14, 589

50f13

mass ratio is just 5.1%. The values of the average interlayer distance, d = 3.7 A, and the
average crystallite length, L, = 1.4 nm, obtained by XRD quantify the graphitic structure of
the present BC NPs, which are in agreement with the XRD pattern of unoxidized carbon
black [63] and aircraft soot [64]. The Raman spectrum of the BC NPs exhibited a disordered-
over-graphitic band ratio, D/G, of 0.93.

It is worth noting that BC NPs emitted by combustion of fossil fuels, e.g., during
road and air transportation [65], are environmentally relevant and have had the interest
of toxicologists for quite some time [66,67]. The literature on the biological effects of
BC NPs suggests that these can cause cytotoxicity, oxidative stress [68,69], pulmonary
tissue damage [70], and may also have an impact on T lymphocytes, indicating potential
implications for allergies and cancer development or progression [71].

3.2. Hydrophobicity of BC NPs

The BC NPs used in this work are highly hydrophobic, as indicated by the large
water contact angle (WCA) of 124 £ 2° (Figure 2A). This is within the common WCA range
(90-150°) [72] measured for hydrophobic and superhydrophobic NPs, such as diesel BC [73],
superhydrophobic fluorosilane silicas [74], and polymer—carbon nanotubes composites [75].
It is worth noting that the standard sonication protocol for dispersing hydrophilic NPs in
deionized (DI) water [34] was attempted and was not effective due to the impossibility of
wetting hydrophobic particles such as BC NPs (Figure 2B).

Before After
sonication sonication
'.\ =4

Hydrophobic, = .

/ BC NPs \ P,
& . -
... «——— Dl water —%

3 £ 3 I

Figure 2. Water contact angle (WCA) measurement of BC NPs using a custom goniometer (A) and
illustration of their behavior upon contact with water and subsequent sonication as described by the
standard dispersion preparation methodology introduced by DeLoid et al. [34] (B).

3.3. Dispersion Preparation of BC NPs in Cell Culture Media as a Function of Stirring Time
(Dispersion Energy)

3.3.1. BC-RPMI Case Study

Figure 3 shows the evolution of the particle size distribution (PSD) measured for BC
NPs in the RPMI medium during the dispersion preparation process as a function of stirring
time (dispersion energy). The RPMI medium (Figure 3B-F: medium only, dot-broken line)
contains proteins, which were detected by the DLS in the size range of ~5-200 nm. After
introducing the BC NPs and vortexing the sample for 10 s, particles start to slowly get
into the dispersion. This is reflected in the small shift of the particle size distribution to
the larger sizes (Figure 3B, solid line). After 6 h (Figure 3C, solid line) of stirring, the
concentration of BC NPs in dispersion increased, and these particles were detected by the
DLS in the size range between ~100 and 2000 nm. The PSDs measured after 12 (Figure 3D,
solid line), 24 (Figure 3B-F, broken lines and shaded areas), 48 (Figure 3E, solid line), and
72 h (Figure 3F, solid line) of stirring did not vary significantly and are within or close
to a standard deviation range, shown here for 24 h with a shaded area. The insets in
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Figure 3A show representative images of the sample at the beginning of the stirring process
(Figure 3A: blue-framed inset) and after 24 h (Figure 3A: red-framed inset), where a color
change from a pink to black is attributed to the dispersion of the dark-colored BC NPs in
the RPMI medium. Additional images of BC NPs being stirred over time in RPMI medium
are provided in Figure S2.

— - — Medium only — - — Medium only
BC in medium stirred for: B BC in medium stirred for: C
10+ oh 10+ 6h
— — 24h — = 24h
X ES
= = />
§ § N
o 54 o 5 CN
< = ! =N
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0 T — —— 0 . e —= —
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Figure 3. Representative images (A) of the dispersions of BC NPs in RPMI medium after stirring for 0
(blue-framed) and 24 h (red-framed), along with intensity-based particle size distributions measured
by dynamic light scattering (DLS) for the medium only (dot-broken line) or BC dispersions after 0
(B), 6 (C), 12 (D), 48 (E), 72 (F), or 24 h (broken line). Variation within three DLS measurements of the
sample stirred for 24 h is quantified by the red-shaded area.

The dispersion stability is an important characteristic necessary for its successful
application in cell cultures. The preparation method may have a direct effect on the
dispersion stability over time and, thus, must be tested. For this purpose, we conducted
stability testing of samples stirred for 6-72 h, analyzing changes in the hydrodynamic
diameter (Z-Average), the shape of the PSD and its variability throughout the measurement,
as well as the polydispersity index (PDI). Figure 4 illustrates the DLS analysis of the
dispersion stability of BC NPs in RPMI medium stirred for (A) 6, (B) 12, (C) 24, (D) 48,
and (E) 72 h. The Z-Average values together with the PDI values for BC NPs in RPMI
are summarized in Table 1. Moreover, the zeta potential and the conductivity of BC NPs
dispersion in RPMI medium are provided in Table S2. It should be noted that further
studies are needed to understand how the hydrophobicity of such NPs affects the protein
corona, which can also result in protein denaturation and further alter the bioactivity [76].

While the differences in the stability between the individual samples shown in Figure 4
are rather minor, the DLS data indicate that the BC NP sample stirred in RPMI medium
for 24 h performed the best, as the size distribution did not change significantly after the
24 h stability testing. While lower stirring times were insufficient, resulting in an unstable
product characterized by high standard deviations, excessive stirring for too long may also
compromise dispersion stability. Specifically, the size distributions at 48 h and 72 h show
an increase in the fraction of particles above 1000 nm and higher standard deviations, in-
dicative of possible agglomeration or destabilization. Therefore, it is concluded that for this
NP—culture medium system, a 24 h stirring suffices to form a proper and stable dispersion.
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Figure 4. Stability of the BC size distribution measured in RPMI medium right after stirring (broken
lines) for 6 (A), 12 (B), 24 (C), 48 (D), and 72 h (E) or after 24 h of storage at room temperature (solid
lines). The error bars quantify the statistical variation over 3 measurements.

Table 1. Z-Averages and polydispersity indexes (PDIs) of BC NPs stirred in RPMI medium from the
data shown in Figure 4.

BC in RPMI Immediately after Stirring Stability Testing (24 h)
Stirred for Z-Average (nm) PDI Z-Average (nm) PDI
6h 347 £ 10 0.573 £ 0.011 378 £ 22 0.489 £ 0.047
12h 345 + 25 0.484 + 0.041 357+ 6 0.474 £ 0.045
24h 329 £12 0.430 &+ 0.031 326 £9 0.487 £ 0.066
48 h 347 £5 0.425 + 0.031 332+£6 0.413 £+ 0.010
72h 331+2 0.426 £ 0.016 338 +2 0.433 £ 0.016

3.3.2. BC- SABM Case Study

The DLS measurements of the BC NPs in SABM provided in Figure S3 show sim-
ilar trends to those described above for the RPMI medium. The proteins in the SABM
(Figure S3B-F: medium only, dot-broken line) were detected by the DLS in the size range
of ~5-300 nm, showing a multimodal PSD. A slight increase in the bigger size range was
observed after introducing the BC NPs into the medium (Figure S3B, solid line). After
6 h of stirring (Figure S3C, solid line), the BC NPs were detected by the DLS in the size
range between ~100 and 2000 nm. The PSDs measured after 12 (Figure S3D, solid line),
24 (Figure S3E, solid line), 48 (Figure S3B-F, broken lines and shaded areas), and 72 h
(Figure S3F, solid line) exhibit higher variability when compared to the BC NPs in the
RPMI medium. The insets in Figure S3A show representative images of the sample at the
beginning of the stirring process (Figure S3A: blue-framed inset) and after 48 h (Figure S3A:
red-framed inset), where the color changes from light purple to black due to the dispersion
of the BC NPs in the SABM. Additional images of BC NPs being stirred over time in SABM
are provided in Figure S2.

The cell culture medium and, specifically, the protein content can have a direct effect
on the dispersion formation and its stability, as the protein’s adsorption is directly affected
by its concentration in the solution [77]. The stability measurements for the BC NP-SABM
system are shown in Figure S4. Similar to the dispersion in the RPMI medium, the samples
of BC NPs in SABM stirred for (A) 6, (B) 12, (C) 24, (D) 48, and (E) 72 h were analyzed
by DLS before and after the 24 h storage to study the stability of the dispersion reflected
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in the PSD variability and sample polydispersity. The Z-Average values together with
the PDI values for BC NPs in SABM are summarized in Table S3. Moreover, the zeta
potential and the conductivity of BC NPs’ dispersion in SABM are provided in Table S2.
At 6 h, the PSD varied significantly, indicating low dispersion stability. At this point, a
significant amount of the BC NPs was still captured in the foam (Figure S2) and, therefore,
the BC NPs could not be properly stabilized. With increasing stirring time, the deviations
in the PSD measured by DLS decreased. The smallest PSD variability was detected after
48 h (Figure S4D). Therefore, it is concluded that for this NP—culture medium system,
a 48 h stirring suffices to form a proper dispersion.

3.4. Effective NP Density and Dosimetry

Effective densities, p,f, of 1.03 and 1.07 g/ cm3 were measured for BC NPs dispersed in
RPMI medium (Figure 5A) and SABM (Figure S5A), respectively. The p,g values measured
here align well with the data previously measured for the engineered carbon-based NPs,
where the values of 1.02 g/cm?® and 1.04 g/cm?® were measured for Carbon Nanohorns and
Printex-90 (carbon black) NPs, respectively [31].

A 0.32
Before After B

centrifugation centrifugation | 2
%
a

= —~— o 0.28+
8
©
e g
A ('8
3,000 g B

- = 0.24 1
3h — 8
L m— %
(=]

0.20 T
Peletted BC 0 4 8 12 16 20 24
Pe= 1.03 g/cm? Time (h)

Figure 5. Effective density, p.¢, of BC NPs in RPMI medium established by the VCM method (A) and
the deposited fraction calculated by the DG model (B).

The value of p.g along with the entire PSD were used to calculate the fraction of the
NPs deposited on the cells (Figure 5B and Figure S5B), which was shown to be below
0.5% in the cases of both studied media at the end of a 24 h exposure period. This very
low NP cell deposition as a function of time is due to the very low effective density of the
formed agglomerates [31]. High-density NPs like CeO, (bulk density, p, = 7.22 g/cm?,
Peff = 1.44 g/cm3), Fe, O3 (pp =5.25 g/cm3, P = 1.91 g/cm3), or CryO3 (pp =5.22 g/cm3,
Per=221g/ cm?) deposited on the cells very quickly and, therefore, the deposited fraction
was able to exceed 90% within the 24 h [31]. On the other hand, buoyant NPs (e.g.,
polypropylene, p, = pogr = 0.9 g/ cm?) [78] with densities lower than that of the media tend
to accumulate close to the top of the liquid column and must be studied using inverted
cell culture platforms as previously described by the authors [78]. It is worth noting
that alternative approaches can be used for low-density, slowly settling nanoparticles,
which may include the use of rotation of the cell culture system containing particles
and cells suspended in the medium [79,80]. This, however, does not apply to the case
of adherent cells.

So, NPs with effective densities close to the media density, such as hydrophilic flame-
made silica (o, =2.2 g/ cm?, P = 1.12 g/ cm®) [81] and the hydrophobic BC used here
(op =18 g/cm?, Pef = 1.03-1.07 g/ cm?), are expected to deposit on the cells very slowly,
mostly by diffusion [82], resulting in low deposited fractions. This slow NP deposition
over time may create difficulty in performing dose-response studies, and delivery of the
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desired dose to the cells should match physiologically relevant doses based on the route
of exposure (i.e., inhalation, ingestion). In order to increase the delivered dose, the initial
administered concentration of the NPs could be increased. This can, however, lead to
several undesired effects in cases wherein the materials release chemical compounds from
their surfaces, as their concentrations would increase and potentially cause toxic effects to
the cellular system [83].

4. Conclusions

In this study, a robust methodology for preparing stable dispersions of hydrophobic
nanoparticles (NPs) in cell culture media is presented based on continuous stirring in the
culture medium. The versatility and applicability of the proposed dispersion preparation
approach are showcased using model hydrophobic black carbon (BC) NPs and two cell
culture media widely used in in vitro studies, namely (i) RPMI medium supplemented with
10% FBS, and (ii) SABM supplemented with 1% BSA. The proteins in the medium form a
protective corona around the NPs, enabling their dispersion in the aqueous environment. Our
findings confirm that the stirring time (dispersion energy) is NP—culture medium-specific.

The volumetric centrifugation method revealed that BC NPs in RPMI medium and
SABM have effective densities of 1.03 g/cm? and 1.07 g/cm?, respectively, which are very
close to the densities of the media and, therefore, such NPs will be delivered to the cells
slowly. The slow sedimentation of NPs with effective densities close to that of the media
brings challenges in designing dose-response studies. So, the data and methodology
presented here will enable researchers to consider the dosimetrics in their studies.

In conclusion, the methodology presented in this study offers a valuable approach for
preparing stable dispersions of hydrophobic NPs in culture media for in vitro cellular stud-
ies. The proposed approach can improve the toxicological evaluation and interlaboratory
reproducibility related to hydrophobic NPs, increase the overall knowledge in the field of
nanotoxicology, and enable understanding the of possible implications for public health.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/nano014070589/s1. Figure S1. Water Contact Angle (WCA)
measured with (a) a high precision optical measuring device (OCA35, DataPhysics) and (b) the
custom goniometer used in this work. Table S1. Summary of the parameters used for the particle
dosimetry calculation by the DG model. The viscosities of the media were measured by a Cannon
Fenske viscometer for water-based solutions, submerged in a heating bath equilibrated to 37 °C.
The densities were measured by weighing a known volume of the medium pre-warmed to 37 °C
in a heating bath. Figure S2. Representative images of BC NPs dispersed in RPMI (top) and SABM
(bottom) after stirring for 0-72 h along with the respective Zeta-Average (Z-Average) measured by
Dynamic Light Scattering (DLS). Figure S3. Representative images (A) of the dispersions of BC NPs
in SABM medium after stirring for 0 (blue-framed) and 48 h (red-framed), along with intensity-based
particle size distributions measured by DLS for the medium only (dot-broken line) or BC dispersions
after 0 (B), 6 (C), 12 (D), 24 (E), 72 (F) or 48 h (broken line). Variation within three DLS measurements
of the sample stirred for 48 h is quantified by the red shaded area. Table S2. Zeta potential and
conductivity of BC NPs dispersed in RPMI and SABM media measured by DLS for stable dispersions
obtained at 24 h and 48 h of stirring, respectively. Figure S4. Stability of the BC size distribution
measured in SABM medium right after stirring (broken lines) for 6 (A), 12 (B), 24 (C), 48 (D) and 72 h
(E) or after 24 h of storage at room temperature (solid lines). The errorbars quantify the statistical
variation over 3 measurements. Table S3. Z-Average and polydispersity index (PDI) of BC NPs stirred
in SABM medium from the data shown in Figure S4. Figure S5. Effective density, peff, of BC NPs in
SABM medium established by VCM method (A) and the deposited fraction calculated by the DG
model (B).
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