Aggregation Studies Protocol

Introduction

The aggregation and sedimentation of nanoparticles have been documented and examined in different systems.  In recent years, these studies, particularly of metal oxides, have been focused on investigating two major implications of aggregation on the behavior of nanoparticles. For a number of these research works, one of the major goals was to define aggregation characteristics in order to predict and alter the fate and transport of nanoparticles in a given environment 


[1-5] ADDIN EN.CITE .  A study by Mylon et al. characterizing the influence of natural organic matter on the stability of hematite nanoparticles in the presence of electrolytes was intended to probe the colloidal properties of hematite in natural systems. The works of Chen et al. on alginate coated hematite confirmed that aggregation can be altered by the presence of a polymeric coating and by the type of co-solutes present in the solution. In terms of particle transport, Phenrat et al. compared the aggregation and sedimentation of nanoscale-zero valent iron (NZVI), magnetite and hematite to address issues regarding delivery of these reactive nanoparticles to subsurface organic contaminants. Recent work by Tiraferri et al. used guar gum to sterically stabilize the nanoparticles and enhance NZVI remediative property.    

Table 1. Some of the recent works on iron/iron oxide addressing aggregation of nanoparticles in environmental systems 
	Authors
	Year
	Samples
	Emphasis
	Quantitative method
	Reference

	Mylon, S. et al.
	2004
	Hematite
	Influence of NOM and co-solutes
	TEM, DLS
	1

	Chen, K.L. et al.
	2006
	Hematite, Alginate coated hematite
	Aggregation in the presence of monovalent and divalent electrolytes
	TEM, DLS
	2

	Chen, K.L. et al.
	2007
	Hematite, Alginate coated hematite
	Enhanced aggregation
	TEM, DLS
	3

	Phenrat, T. et al.
	2007
	Nanoscale Zero Valent Iron (NZVI), magnetite, hematite
	Difference in aggregation and sedimentation behavior
	TEM, DLS, Optical spectroscopy
	4

	Tiraferri, A. et al.
	2008
	NZVI
	Increase stability due to the presence of guar gum
	DLS/ Optical Spectrocopy
	5

	Vikesland, P.J. et al.
	2007
	Magnetite
	Change in reactivity due to aggregation
	TEM/ DLS
	6

	Erbs, J.J. et al.
	2008
	Ferrihydrite
	Influence on reactivity
	TEM
	7

	Cwiertny, D. et al.
	2008
	Goethite
	Relation to size effects
	DLS
	8


Other recent studies, however, aimed at addressing the ramifications of aggregation on the reactivity of nanoparticles 


[6-8] ADDIN EN.CITE . Vikesland et al. showed in their work utilizing magnetite nanoparticles to reduce carbon tetrachloride in anoxic conditions an inverse correlation between aggregation state and reaction rate [Vikesland, 2007 #11]. The loss in reactivity was attributed to the decrease in reactive surface area resulting from the agglomeration of the nanoparticles.  This general trend was consistent with the results obtained by Erbs et al. where heavily aggregated six-line ferrihydrite nanoparticles exhibited slower rates of reductive dissolution in the presence of hydroquinone. In the work done by Cwiertny et al., they emphasized the potential challenge in understanding size-effects on the reactivity of nanoparticles because of aggregation.

Although most of the studies mentioned above used the same methods to characterize aggregation and sedimentation, generalizing the results and trends may be difficult due to a number of reasons. Differences in synthesis method and storage, regardless of whether the same type of particles was used, could cause variability in results. For example, commercially available particles have been shown to have different physico-chemical properties compared to those synthesized in-house [Phenrat, 2007 #3]. Dried particles were also observed to have different aggregation state compared to those that were kept in solution [Erbs, 2008 #6].  Variations in sample preparation and preconditioning of particles prior to aggregation studies may also cause disparities. An example of this is the use of ultrasonication to break up aggregates that may have formed during sample storage.  The sonication time, which varies for each of the studies mentioned above, may consequently influence the aggregation and sedimentation behavior of the particles. Moreso, the formation of high thermal energy cavitation bubbles during sonication [Suslick, 1990 #5] may affect the integrity of the particles. For heat sensitive nanoparticles such as magnetite, prolonged sonication may result to oxidation. Extreme sonication may also cause a rupture on the external layer of surface coated particles and damage the sample. 

This protocol aims at minimizing variations in procedures employed in aggregation and sedimentation studies of nanoparticles. It is based from the common techniques that have been used in previous works involving iron oxide nanoparticles. The same general procedures, however, have also applied to other metal oxide samples such as ZnO, CuO and TiO2 


[10, 11] ADDIN EN.CITE . 

Key considerations:

1) Ideally want to fully characterize the particles to be aggregated. [Example: For silver nanoparticles – is the surface an oxide? If so, which one?]

2) Define the objectives of the study – what situation do you want to characterize aggregation for? [e.g., transport, reactivity, uptake into organisms]

3) Determine how you want to (or have the ability to) measure aggregation: baseline measurements-DLS and TEM; more advanced: cryo-TEM, SAXS, Coulter counters, AFM, Nanosight, SLS, neutron scattering, tritium uptake/exchange.

4) Variables to consider in aggregation studies: pH, ionic composition/strength, mixing intensity, temperature, nanoparticle concentration, time (age of starting material, experiment time), coatings (NOM, proteins, EPS, vitamins – components of suspension media), adventitious carbon (carboxyl groups and carbonate groups), functionalized particles, stagnant vs. flow (Couette flow/pipe flow). 

5) A potential objective of an aggregation study: to determine the kinetics of aggregation and their relationship to ultimate aggregate structure (fractal dimension, size), polydispersivity (TEM, DLS), SLS.

Define objectives of study: monitor uptake into an organism, transport (porous media), reactivity, 

-sorption isotherms as a function of aggregation state

-choice of probe ions to look at uptake in a standardized way

Aggregate size vs. time (kinetics) under conditions that ‘mimic’ those to be used in an experiment (pH, redox, ionic strength)

Measurement of Aggregation: DLS, TEM (problems with drying, but useful for primary particle size), cryo-TEM, SAXS (in-situ, wet conditions – not useful for short time scales) – if available, Coulter counters, AFM (as complementary tool), sedimentation studies, nanosite, [SAXS-Antoine Thill’s method], SLS, neutron scattering, tritium uptake/exchange (measure with scintillation counter – Kent and Davis, 1990 (Reviews in Mineralogy))

How does aggregation affect reactive surface area? How do you measure this? [Identify a probe ion and do adsorption isotherms (as a function of time). – determine ‘surface sites’ available for sorption] Use a measure of reactivity to determine the availability of surface sites which will be a function of aggregation. (Chloride for silver?)

Fractal dimension
Principle variables: pH, ionic composition/strength, mixing intensity, temperature, nanoparticle concentration, time (age of starting material, experiment time), coatings (NOM, proteins, EPS, vitamins – components of suspension media), adventitious carbon (carboxyl groups and carbonate groups), functionalized particles, stagnant vs. flow 

Silver particles – bare (non-coated – no PVP), PVP coated.

What happens to silver nanoparticle surface (need to characterize to determine what oxides exist at surface)

Need to measure IEP of nanoparticles, measure aggregation both above and below IEP

Objective: kinetics of aggregation and relationship to ultimate aggregate structure (fractal dimension, size), polydispersivity (TEM, DLS), SLS

Materials

Reagents

· Silver nanoparticles (NanoAmor)
· 100 mM HNO3 (Fisher) 

· 100 mM NaOH (Fisher)

· Salts (i.e. NaNO3 (can’t use chlorides due to reactivity with silver))

· Nanopure® water (​aerated/de-aerated)

· Coatings on particles
· Solution components – NOM, EPS, etc…

Equipment

· 0.1-m Anotop™ filter (if necessary for planned study of interest)
· Quartz UV-visible cuvettes

· Disposable culture tubes and closures (Fisherbrand)

· Fisher Touch mixer 232  (Fisher)

· Ultrasonic probe [ultrasonic bath]
· Dynamic Light Scattering unit (NanoZS, ALV-CGS 3)

· UV-visible spectrophotometer (Varian Cary 5000)

Procedure

Sample Preparation

Many of the flaws in aggregation and sedimentation studies can be minimized by performing careful and thorough sample preparation. It is important to eliminate possible sources of impurities and prevent sample contamination. Also, if the sample is sensitive to oxygen, the preparation procedures should be performed inside an anaerobic glovebox. The following steps are recommended to improve accuracy of size measurements: 

1.  Clean all vessels prior to use. The use of nonionic detergent-based cleaning solution should be avoided so as not to leave trace amount of surfactants on the vessel which may alter the aggregation behavior of the particles. To further remove organic materials, glassware may be submerged in chromium sulfuric acid solution [Does this make sense? Potential addition of chromium?] and rinsed repeatedly with deionized water.

2.   Prepare all solutions using de-ionized, distilled water (Nanopure®). Use deaerated water if the sample is oxygen sensitive. To remove suspended particles, dilution water should be passed through a 0.1 m filter. The filter type depends on the nature of the sample. Although the use of Anotop™ filters is recommended to ensure minimal sample contamination. Need to quantify loss of material following filtration.
3. Make sure that the samples are well mixed prior to size measurements. Due to high particle concentration in the stock solution, agglomeration may occur. Sonicating the suspension for about 1 minute is suggested to break up the aggregates [specify type of sonicator?]. However, performing a preliminary study on sonication effects on the sample (as mentioned above) is recommended before using this technique. If necessary, other forms of agitation and mixing, such as bubbling of inert gas or vortex mixing, may be employed.

How does state of aggregation change following ‘dispersal protocol’? Over a one month period with periodic measurements.
Size Measurement

Particle size measurements and aggregation kinetics of nanoparticles may be studied using different methods. Techniques such as transmission electron microscopy and turbidity measurements have been used 


[7, 12, 13] ADDIN EN.CITE . Dynamic light scattering (DLS), however, was applied in most of the aggregation studies cited in this protocol. The following procedures are recommended in performing DLS measurements: 

1. Place each sample in a new glass tube that was pre-rinsed with filtered deionized water.
2. Cap the tube and wipe with a non-abrasive, lintless paper (Kimwipes®) to remove any contaminants sticking to the sides of the vial. If size measurements are to be performed inside a toluene-filled vat, submerge the vial in filtered toluene prior to measurement.

3. Adjust measurement set-up to accumulate autocorrelation function for 15 seconds. Determine the intensity weighted hydrodynamic radius of the particle/aggregate using second-order cumulant analysis. Specify detector position or scattering angle (i.e. 90o) when reporting data.
4. Monitor signal intensity (count rate) to make sure that you are not losing aggregates. If count rate falls then the measurement should be stopped. Maximum DLS aggregate size: 1 um.
5. Conduct measurements at room temperature (25oC) unless a specific temperature is desired. 

Aggregation Kinetics 
The formation and growth of the aggregates in different conditions are monitored by measuring the scattered light intensity for a period of 30-60 minutes.  The following procedures are recommended in monitoring the effects of particle concentration, pH, and co-solutes on aggregation.

a) Effect of particle concentration

1. Determine the particle concentration of the stock solution that would be used in the experiment. This is usually obtained by the gravimetric method.

2. By applying serial dilution, prepare samples of different particle concentrations (i.e. 107-1016 particles/mL) using the same stock solution. Note: The stock solution may require 30 seconds sonication prior to use. 

3. Transfer 3 mL to a sample tube and vortex mix each suspension for 10 seconds before DLS measurements. [Determine alpha for condition X – need a protocol to do this.]
b) Effect of pH

1. Prepare a series of dilution waters of different pH values (i.e. pH 4-10) by adding either 100 mM HCl or 100 mM NaOH. Filter each solution with 0.1 m filter.

2. Sonicate a given volume of the stock nanoparticle suspension for 30 seconds. 

3. Add a given volume of this stock to each of the pH-adjusted solution to obtain a diluted suspension (~1012 particles/mL). Measure the pH again and adjust if necessary.

4. Quickly transfer 3 mL of the sample to a sample tube and briefly vortex mix before measurement.

c) Effect of co-solutes

The effect of the presence of electrolytes (i.e. monovalent and divalent ions) on the aggregation rate can be analyzed by adding different amounts of salt to a given volume of the nanoparticle suspension. 

1. Prepare a diluted nanoparticle suspension (~1012 particles/mL) from the stock. Use this nanoparticles solution for all samples. 

2. Prepare all stock salt solutions using reagent grade salts and distilled, deionized (and deaerated if necessary) water. Passed all salt solutions through a 0.1 m filter and store.

3. Sonicate the diluted nanoparticles suspension for 30 seconds and transfer 3 mL in each clean sample tube.

4. Add the corresponding amount of stock salt solution to the sample tube to achieve the desired salt concentration (i.e. 0.1-40 mM)

c) Vortex mix all vials for about 3 seconds upon salt addition to ensure adequate mixing prior to measurements. 

Sedimentation

Sedimentation of the nanoparticles and aggregates is monitored using a UV-Vis spectrophotometer (i.e. Varian Cary 5000). The absorbance of the suspensions at the 508 nm wavelength is measured at room temperature every 15 seconds for a period of 30-60 minutes. Infiltration of dust and other contaminants in the sample should always be avoided.  

1. Prewash all cuvettes and rinsed with filtered Nanopure® water. Make sure the cuvettes are clean and free from scratches.

2. After adding the sample, wipe the cuvette with a non-abrasive, lintless paper (Kimwipes®) prior to placement to the measurement cell.

3. Perform baseline corrections prior to sample analysis. 

4. To determine the effect of particle concentration on sedimentation, refer to procedure a)1-2, transferring the sample in a cuvette instead of a sample tube. Seal the cuvette and shake vigorously for 10 seconds. Measure the absorbance as described above. 

5. To determine pH and salt effects, perform the same procedure as b)1-4 and c)1-4, respectively. Instead of transferring the sample to a glass tube, use a clean cuvette instead. Seal the cuvette and shake vigorously prior to absorbance measurements.
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