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1 Introduction

In particle toxicology, and particularly in nanotoxicology, large variability is often reported in the results
of different experimental studies concerning the potential pathogenicity of the same material. This is
ascribed, on the one hand, to the use of materials having the same chemical composition but different
particle or surface morphology(1, 2) and, on the other hand, to differences in the employed cellular

models or experimental designs.

Understandably, comparison between in vivo and in vitro tests often show even more marked
discrepancies due to the great difference between the two kinds of experiments.(3, 4) However, there is
an urgent need for in vitro screening assays to evaluate nanoparticle (NP) toxicity; thus, the reasons for

discrepancies/consistency should be unveiled.(5)

Different buffering agents can be used to control the stability of the physiological pH during in vitro
experiments among which the most common ones are PBS (a mixture of monohydrogen- and
dihydrogen phosphate having physiological osmolarity) and HEPES, the organic molecule 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid. This latter is the most common buffering agent
employed in cellular experiments, also used to complement cell culture media such as Dulbecco’s
modified Eagle’s medium (DMEM).(6)

Despite the equivalent functional behavior, these two buffering agents are significantly different in
chemical nature. Thus, they might exhibit different behaviors when interacting with the nanopatrticle
surface and possibly sticking to it. In turn, this may influence the fate of the adsorption at the
nanoparticle surface of other species present in the incubation media, typically proteins, through the
formation of the so-called “protein corona,” which in some cases constitutes the actual surface “seen”
by cells.(7)

The crucial role played by the buffer composition in protein adsorption has been recognized since the
development of chromatographic protein separation.(8-10) More recently, the effect of buffer on protein
adsorption at the solid/liquid interface has been investigated on flat surfaces such as TiO, films(11, 12)
and those of germanium and crystalline silica present in ATR/FTIR cells and quartz microbalance,
respectively.(13, 14) Focusing on nanoparticles, phosphate species in PBS were recognized to play a
detrimental role against the antioxidant activity of CeO, NPs toward DNA,(15) while silver NPs grown in
HEPES buffer exerted cytoprotective activity toward HIV-1 infected cells.(16) Both effects might be

partly related to the interaction of the buffer with the particle surface.

In the frame of a systematic study of the interaction of proteins with oxide nanoparticles,(17-19) here we
report the results of a comparative investigation of the role played by the two common buffers PBS or
HEPES in the adsorption of bovine serum albumin (BSA) on TiO, nanopatrticles, which suggest a new

possible source of discrepancies among different studies unrelated to structural differences among



particles but to the interaction with the particle surface of chemical species present in body fluids or in

growth cell media.

Data concern a widely studied nano-TiO, powder, P25 Evonik (formerly Degussa), which is a mixture of

anatase and rutile, often found to be one of the most cytotoxic(20, 21) among titania specimens.

Typically, in TiO, P25 rutile primary particles (ca. 40 nm in size(22)) account for ca. 7% of the specific
surface area, while the overall surface behavior is dominated by anatase particles (ca. 25 nm in
size(22)) exhibiting a truncated bipyramid-like shape, mainly enclosed by {101} facets.(23) Noticeably,
on such surfaces water is adsorbed molecularly, whereas the dissociation in surface hydroxyl groups

occurs on surface terminations exposing sites with a higher coordinative degree of unsaturation.(24)

2 Materials and Methods

2.1TiO, Nanoparticles

Pyrogenic Aeroxide P25 anatase/rutile (ca. 80/20 wt %) powder was purchased from Evonik
(Germany). The material exhibited a specific surface area, measured with the BET method (hereafter
SSAger), of ca. 55 m#/g.(23)

2.2Reagents

Fatty acid free BSA, chosen as a model for human albumin, was purchased from Sigma-Aldrich and
used without further purification. In all experiments, ultrapure Milli Q (Millipore) water was used. All
other reagents were from Sigma-Aldrich.

2.3¢-Potential

C-potential was measured by means of electrophoretic light scattering (ELS) (ZetasizerNano-ZS,
Malvern Instruments). For these measurements, TiO, particles were suspended in ultrapure water, 10
mM phosphate buffer (PBS), or HEPES and then sonicated for 2 min with a probe sonicator (100 W, 60
kHz, Sonoplus). The {-potential at different pH (2—-9) values was measured before and after incubation
with BSA by disrupting the buffers by adding acid (HCI 0.1 M) or base (NaOH 0.1 M).

2.4X-ray Fluorescence (XRF)

The amount of phosphate ions and HEPES molecules adsorbed on the surface of TiO, nanoparticles
was determined as follows: two samples were prepared, each in duplicate, by suspending 25 mg of
powder in 5 mL of buffer (PBS or HEPES). Samples were then manually rotated end-over-end for 15
min and centrifuged. The resulting pellets were washed three times with ultrapure water in order to
remove reversible and nonadsorbed species. Samples were then pelletized and analyzed by a y-XRF
Eagle 11I-XPL spectrometer equipped with an EDS Si(Li) detector and with an Edax Vision32
microanalytical system. A microfocus X-ray tube (80 x 80 um), Rh anode (50 kV, 1 mA), air cooled was

used to collect X-ray maps of the samples. The mean profile, resulting from 18 measurements collected



for each sample in 6 different areas, was obtained and the analyte/Ti ratio calculated in % atoms.
These data were used as input for the calculations of phosphate ions/HEPES molecules per nm? of TiO,
surface and as % of Ti** sites exposed on TiO, anatase {101} facets (Table 1).

2.5Albumin Adsorption Isotherms

The amount of adsorbed proteins was determined as follows: 50 mg of TiO, P25 powder was
suspended in 2.5 mL of buffered solutions and then added to 2.5 mL of buffered solution of BSA, in
order to attain a final protein concentration ranging from 0.5 to 10 mg/mL. The resulting suspensions
were stirred in a thermostatic stirrer at 37 °C for 1 h and centrifuged at 11.000 rpm, then filtered through
a membrane filter (cellulose acetate, pore diameter 0.45 pym), and the concentration of protein in the
supernatant was determined spectrophotometrically (A.xs = 562 nm) by using the bicinchoninic acid
assay. The amount of protein adsorbed on the particles was calculated by the decrease of their
concentration in the supernatant after incubation. The results are reported as the mean value of at least

three separate determinations + standard error.

3 Results and Discussion

3.1linfluence of Buffer Type on Surface Charge

The surface charge assumed by a particle in a suspension may be estimated by measuring the -
potential. The {-potential variation as a function of pH is currently used for nanopatrticle
characterization.(25) These curves are deeply modified following the adsorption of molecules and can
be used to assess the irreversibility of adsorption and relevant surface modifications.(25-30) The
change in -potential as a function of pH is of much interest in toxicology, one reason being the different
pH values possibly experienced by the inhaled particles, e.g., from passing from the extracellular

medium (7.4) into the phagolysosome (4.5), following internalization, e.g., by alveolar macrophages.

Figure 1 reports the C-potential of TiO, P25 particles suspended in water at room temperature and
sonicated for 2 min (a, red curve). The surface charge progressively varies from negative at basic pH
values to positive at acidic pH values with a point of zero charge (PZC) close to neutral pH. When the
same measurements are repeated in HEPES (b, blue) or in the phosphate buffered saline suspension
(c, black), both buffers lower the {-potential value at physiological pH from ca. =10 to ca. -30 mV. The
curves remarkably differ both from each other and the one obtained in water. PZC is close to 5 with
HEPES and ca. 2 with PBS. This indicated strong and different interactions of the buffer molecules with

the particle surface.
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Figure 1. -Potential of TiO, P25 as a function of the pH of the suspension in (a) water; (b) HEPES; and (c) PBS.

On such basis, aliquots of TiO, powder were incubated in the two buffers and washed in order to
remove reversible and nonadsorbed species, and the amount of phosphate groups and HEPES
molecules irreversibly adsorbed at the particle surface was measured by XRF. The results are reported
in Table 1.

Table 1. Results of the XRF Measurement of the Amounts of Phosphates (Element Dosed: P)
and HEPES (Element Dosed: S) Irreversibly Adsorbed on TiO: P25 in the Same Incubation
Conditions as Those for BSA Adsorption

incubation analyte  analyte/Ti analyte/TiO, phosphate/HEPES surface phosphate/HEPES per Ti+ sites
(atomic ratio) (9/9) density (molecules/nm?)=  on anatase TiO.{101} facets (%)®

PBS/TiO. P 1.4 x 102 5.4 x 103 1.9 35

HEPES/TIO.S 6.7 x 105 2.7 %10 9 x 10 1.7

a

Calculated on the basis of SSAger = 55 m2/g.

b

Calculated on the basis of 5.5 Ti*+* sites/nm? on TiO, anatase {101} facets.(23)



In both cases, the buffer species were found to be present at the surface of TiO, nanoparticles, but
interestingly, the amount of HEPES irreversibly adsorbed was ca. 20 times lower with respect to
phosphate anions. The anatase particles, which account for ca. 93% of the surface of TiO, P25, mainly
expose {101} facets exhibiting a density of Ti* sites of ca. 5.5 atom/nm2.(23) The data obtained
therefore indicate that phosphate groups and HEPES molecules should occupy ca. 35 and 1.7%,
respectively, of such surface cationic centers. Moreover, taking into account that HEPES molecules are
significantly larger than phosphate groups and that each HEPES molecule might occupy at maximum a
surface of ca. 0.3 nm?, by assuming a side-on adsorption,(31) the percentage of surface Ti* sites
occupied by HEPES molecules should increase at ca. 3%, still remaining 1 order of magnitude lower

than what was found for phosphates.

The observed differences in {-potential may have important consequences: in fact, since the stability of
a colloid depends upon the surface charge,(32) a different {-potential may lead to differences in terms
of agglomerates size, thus probably yielding dissimilar toxicological effects elicited at the same virtual
particle concentration. It is worth noting that at pH 4.5, the phagolysosome pH value, with PBS as the
particle surface, will be negatively charged, whereas with HEPES a positive surface charge will be
present, which also may account for different toxicological outcomes.

3.2Influence of Buffer on Adsorption of Bovine Serum Albumin

The adsorption of bovine serum albumin (BSA) is described in Figure 2. The results are expressed as
the amount of protein adsorbed on TiO, vs BSA concentration of the solution, buffered with either PBS
or HEPES, in which NPs were incubated (panel A) and as a function of the amount of the free protein in
the supernatant following incubation (panel B). Both representations show that the curves
corresponding to the two buffers remarkably differ from one another, in that adsorption is about 5-fold
higher with HEPES than with PBS at subphysiological BSA concentration (physiological 50g/L). The
curves in panel A evidence that the presence of PBS remarkably reduces BSA uptake. In panel B, it is
shown that in the presence of HEPES, but not of PBS, most of the BSA adsorption takes place without
leaving free BSA in solution even at the lowest initial concentrations. However, in both cases, some
BSA is still present in the solution at the highest concentration, thus excluding any limiting effect due to

protein consumption.
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Figure 2. Adsorption of BSA on TiO. P25 nanoparticles in HEPES (blue triangles), and in PBS (black squares).
Amount of protein adsorbed per mg of TiO. vs BSA initial concentration (panel A) and vs BSA final (equilibrium)

concentration in the incubation media (panel B).

These differences are likely due to the interaction of phosphate ions with the titania surface. Inorganic
phosphate ions are in fact known to strongly interact with TiO, surfaces,(33) the sites for phosphate
adsorption being Lewis acid sites, i.e., Ti* ions exposed on {101} surfaces.(34) Water molecules
coordinated to such Lewis acid centers could be displaced by incoming phosphates. The irreversible
occupation of Ti** Lewis acidic sites where BSA may be adsorbed as well as electrostatic repulsions
between negative charges may account for such a different adsorption behavior. The data herein well
agrees with evidence for the detrimental role of phosphate species toward the adsorption on TiO; films
of BSA(11) and immunoglobulin G.(12)

3.3Changes in {-Potential- pH Curves Caused by BSA Adsorption

Upon adsorption of BSA, the {-potential vs pH curve is expected to be modified because the surface is
progressively covered by albumin. This has allowed us to gain information on the protein coverage
attained and/or the occurrence of irreversible modifications of adsorbed proteins.(18) In the case of TiO,
P25, it must be considered that surface hydroxyl groups, primarily responsible for the surface potential
on the basis of their pH depending on the protonation/deprotonation status, are present only on a minor
part of the NP surface and not homogeneously distributed on it: as reported above, TiO, NP are mainly
limited by {101} facets that are hydrated and not hydroxylated. Anyway, the information provided by
these measurements is meaningful. Figure 3 reports the ¢-potential vs pH curves measured after
adsorption on TiO, of increasing amounts of BSA in both buffers up to the final concentrations shown in

Figure 2.
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Figure 3. Variation of -potential after albumin adsorption. Upon increasing concentration in the suspension, the
point of zero charge (PZC) of TiO: shifts toward the isoelectric point (pl) of albumin. The curves are relative to TiO:
P25 before (black stars) and after incubation with different albumin concentrations: 10 (red squares), 5 (blue

circles), and 0.5 g/L (green triangles) in PBS (A) and HEPES (B).

With PBS, the presence of adsorbed BSA shifts the curves to the right and brings the PZC close to the
isoelectric point (pl) of the protein, whereas with HEPES no remarkable changes are observed. These
observed differences between HEPES and PBS were expected since TiO, P25 nanoparticles in the
presence of HEPES have a PZC close to the pl of BSA, whereas this is not the case in the presence of
PBS.

Interestingly, even at the highest concentrations employed, the curves obtained with the two buffers
differ one from the other. In particular at lysosomal pH the {-potential value is always positive when
HEPES is employed, whereas with PBS it is negative at low concentration and close to PZC upon

increasing concentration.

To evidence the irreversibility of protein adsorption, albumin contacted titania were subjected to three
centrifugation/redispersion cycles in ultrapure water in order to remove the nonadsorbed species, and
the -potential was measured as a function of pH. The curves did not change significantly at any
coverage (not reported), suggesting a substantial irreversibility of protein adsorption in the case of

phosphate buffer.

A similar procedure was used to evidence the irreversible surface modifications produced by mere
contact with the buffer (as reported in Figure 4). Clearly, the surface properties are irreversibly modified
following adsorption of both buffers, but the modification caused by PBS is much more pronounced
than that caused by HEPES. This may account for the observed differences in protein uptake (Figure
2).
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Figure 4. Surface modifications caused by buffers. In order to remove the nonadsorbed species (after contact with
both PBS and HEPES), the nanoparticles onto which the buffers were adsorbed were subjected to three
centrifugation/redispersion cycles in ultrapure water, and the ¢-potential was measured as a function of pH. Panel
A, NP in water (red circles), PBS (black squares), and in water after contact with PBS (green triangles). Panel B,

NP in water (red circles), HEPES (black squares), and in water after contact with HEPES (green triangles).

The results highlight the importance of the choice of buffer in toxicological studies. In fact, adsorbed
proteins at the NP surface were reported to interfere with cell uptake,(35, 36) while the specific binding
of protein affects particle biodistribution in vivo.(37, 38) The level of serum, where albumin is a major
component, was reported to modulate cellular response,(39) namely, proliferation and genotoxicity, in
A549 human lung cells exposed to various nanomaterials.(40) A protective effect of plasma toward the
silica nanopatrticle-induced hemolysis and cytotoxicity(41) was assigned to the protein layer shielding

the surface.

4 Conclusions

The data reported herein indicate that the type of buffer used in toxicological tests may lead to different
properties of the particle surface, with regard to features quite relevant to toxicity mechanisms, such as
surface charge at relevant pH values, PZC, uptake, and modification of proteins. We suggest therefore
that when investigating discrepancies between in vivo and in vitro tests performed on the same
material, besides the most relevant features, e.g., related to the administration route, the surface
modifications induced at the particle surface by natural vs artificial fluids should also be considered.
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