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Material Tested:
Titanium Dioxide, mixed crystalline phases, powder form

What is the Purpose of this Study:
To develop, optimize and validate a standardized and reproducible approach for the preparation of TiO2 nanoparticle dispersions in relevant biological and environmental test media, using an industrially relevant powder form. The principal outputs are a series of protocols and two accompanying peer-reviewed publications. A third publication is in draft form. The second publication is an overall summary of the study.

Study Period:
Dec 2009 – June 2012
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Data Protection Claimed? no

Study Results Type: Experimental Result

Reliability (Klimisch Score): not applicable / no toxicological data reported
Rationality for reliability: not applicable

Methods

GLP Compliance:  not applicable
Duration: not applicable
Details on Exposure Duration: not applicable
Details on Test Organisms: not applicable

Details on Test Materials:
NIST Standard Reference Material 1898 (Aeroxide TiO2 P25, Evonik Degussa GmbH, CN4166091998)
crystallinity: 76% anatase and 24% rutile
elemental purity 99.4% (60% Ti and 40% O)
impurities: Cl (0.96 mg/g), C+H+N equal 82.9% of the sum of the mass fraction values for all detected elemental impurities and Cl equals 16.7%, of the remaining 0.4%, the principal detected elemental impurities are Si (5µg/g), Na (4 µg/g), S (4 µg/g), Sb (3 µg/g), F (2 µg/g), Nb (1 µg/g), Fe (1 µg/g), Al (1 µg/g), and Ni (1 µg/g)
specific surface area (multipoint BET N2 sorption) is 55.55 m2/g
isoelectric point (measured in deionized water) = pH 7.0
maximum zeta potential (Smoluchowski limit) ≈ -40 mV above pH 10 and +36 mV below pH 5
smallest achievable mean diameter in deionized water at 10 mg/mL with optimized ultrasonication:
	71 nm by laser diffraction spectrometry
	77 nm by x-ray disc centrifugation
	112 nm by dynamic light scattering (z-average)
Smallest achievable mean diameter in test media at 0.1 mg/mL measured by laser diffraction
	PBS		75 nm
	DMEM-FBS	83 nm
	Hard Water	76 nm
pH versus concentration in deionized water
	0.5 mg/mL	pH 4.9
	1 mg/mL	pH 4.7
	10 mg/mL	pH 3.9
	20 mg/mL	pH 3.7
Additional P25 test materials used in studies (control or lot numbers):
4168112198
11B1
RV1537
Unidentified lot number from G. Oberdorster

Details on Test Conditions:
All tests performed at ambient room temperature, except dynamic light scattering (DLS) performed at 25 °C. Type I biological-grade de-ionised (DI) water (18.2 MΩ∙cm) was used in the preparation of test samples; biological grade implies sterility and absence of endotoxin contamination. BSA (>99%, reagent grade, lipid and IgG free) powder (SeraCare Life Sciences, MA, USA) and FBS (Gemini Bio-Products, CA, USA) were used as protein sources. Calcium- and magnesium-free PBS was prepared by dilution in DI water of a 10 concentrate (HyClone Laboratories, UT, USA), followed by filtration through 0.1 mm pores using a sterile filter. DMEM-FBS was prepared by adding FBS (10% volume fraction) into sterile DMEM (Mediatech, Inc., VA, USA) containing 4.5 g/L glucose and sodium pyruvate without L-glutamine or phenol red, and added penicillin–streptomycin, fungizone antimycotic and glutimax supplement. The pH of the media was adjusted by use of 0.1 mol/L NaOH or HCl aqueous solutions. Sonication was performed using a Branson 450 analog sonicator (Branson Ultrasonics Corp., CT, USA) outfitted with a 1/2 inch (1.3 cm) diameter titanium horn with a removable flat tip; the horn was immersed directly into the suspension. The temperature probe used for sonication energy calibration was an Extech HD 200 temperature meter and datalogger coupled to a type-K immersion temperature probe. DLS measurements were performed using a Zetasizer Nano ZS (Malvern Instruments Inc., MA, USA) operating in backscatter mode with a scattering angle of 173°. Laser diffraction spectrometry (LDS) measurements were performed using a Partica LA-950 V2 (Horiba Instruments Inc., CA, USA). X-ray disc centrifuge (XDC) measurements were performed using a BI-XDCW (Brookhaven Instruments  Corporation, NY, USA) equipped with a standard 10 cm disc. Electron micrographs were obtained using a field emission scanning electron microscope (FE-SEM, S-4700, Hitachi, CA, USA), operating at a 10 kV accelerating voltage in ultrahigh image resolution mode. The mean electrophoretic mobility was measured by phase analysis light scattering using the Zetasizer Nano ZS and a dip cell equipped with palladium electrodes; mobility was converted to zeta potential using the Smoluchowski equation.

Details on OECD guideline or Alternative Protocol used: not applicable

Results

General Results:
In this study, we demonstrated a transferable and validated approach for the preparation of monodisperse, protein-stabilized and NOM-stabilized TiO2 nanoparticle dispersions in relevant biological and environmental media, respectively. These stabilized dispersions are intended for acute in vitro or in vivo toxicity assessment or environmental fate studies. Experiments were conducted using NIST standard reference material 1898. Sonication-induced degradation of stabilizers or medium components was avoided by decoupling the sonication step from the stabilization and medium addition steps, while sonication power was calibrated and reported in a manner that allows for inter-laboratory transferability. A thorough optimization of the sonication and protein stabilization procedures was conducted, to yield a monodisperse nanoparticle aqueous stock suspension characterized and validated for parameters relevant to nanotoxicology or fate assessments (i.e. size distribution, pH, isoelectric point, concentration range, reproducibility and lot-to-lot variability). Under optimized stabilization conditions and relevant incubation conditions in each medium, the resulting dispersions in the test media remain stable for at least 48 h, retaining their nanoscale particle size distribution and biologically or environmentally relevant pH values. While the specific optimized parameters used in this study apply to the tested nanomaterial and experimental matrices, we believe that the adopted characterization, optimization and validation approaches (i.e. sonication energy calibration, optimization sequence for particle pre-dispersion, protein stabilization and medium incorporation steps) can be more generally applied to the preparation of protein- or NOM-stabilized dispersions in relevant media for other metal oxide nanopowders, with the overall objective of harmonizing sample preparation practices that maximize dispersion while minimizing sources of artifacts and variability. This study resulted in the development of five protocols published as NIST Special Publications, each dealing with a different aspect or step in the dispersion preparation process. Two peer-reviewed publications summarize the aspects of the study related to calibrated ultrasonication, and preparation and characterization of dispersions in biological media. A third publication, currently in draft form, will compare the application of LDS and DLS for characterization of dispersions in toxicological studies.

Discussion:
The results provide a standardized approach with validation data for the preparation of nanoparticles from a powder form under conditions relevant for toxicological and/or environmental studies. The study used an industrial TiO2 nanomaterial to develop a series of protocols, but the results are broadly applicable to other types of nanopowders. The test material is now a certified reference material (NIST SRM 1898 Titanium Dioxide Nanomaterial) available to all researchers. The transferable calorimetric method described for the calibration of ultrasonic devices used to prepare dispersed samples solves a significant problem with all studies in which sonication is used – the lack of reproducibility and consistent reporting of the dispersion process due to variations in applied power. The study also determined that DLS may not be an appropriate technique for characterizing the dispersion of nanopowders, due to artifacts relating to the technique and its application. LDS proved to be a more robust technique, but the use of DLS and other methods to confirm dispersion properties is recommended. The decoupling of sonication from the introduction of surfactants and other organic additives mitigates any potential degradation of the additives due to sonolysis. Sonolysis should always be considered when preparing samples for toxicological assays, as it can modify the test material and produce species that may express a toxic response that is external to the nanomaterial itself.
