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The reported size distribution of silver nanoparticles (AgNPs) is strongly affected by the underlying

measurement method, agglomeration state, and dispersion conditions. A selection of AgNP materials

with vendor-reported diameters ranging from 1 nm to 100 nm, various size distributions, and

biocompatible capping agents including citrate, starch and polyvinylpyrrolidone were studied. AgNPs

were diluted with either deionized water, moderately hard reconstituted water, or moderately hard

reconstituted water containing natural organic matter. Rigorous physico-chemical characterization by

consensus methods and protocols where available enables an understanding of how the underlying

measurement method impacts the reported size measurements, which in turn provides a more complete

understanding of the state (size, size distribution, agglomeration, etc.) of the AgNPs with respect to the

dispersion conditions. An approach to developing routine screening is also presented.
Introduction

A variety of silver compounds and colloidal suspensions of silver

(typically 15 nm to 500 nm) have been used throughout history

for their bactericidal and fungicidal properties.1 As a result of

technological advances, engineered silver nanoparticles (AgNPs)

of uniform size, shape and surface characteristics are becoming

widespread for use as antibacterial agents (both in suspensions

and as surface coating materials). The proliferation of these

materials is also attracting attention because of their use in
aMaterial Measurement Laboratory, National Institute of Standards and
Technology, Gaithersburg, MD, 20899-8520, USA. E-mail: robert.
maccuspie@nist.gov; rogers.kim@epa.gov
bNational Exposure Research Laboratory, Environmental Protection
Agency, Las Vegas, NV, USA
cMaterials Science and Engineering Department, University of Maryland,
College Park, MD, USA

† Electronic supplementary information (ESI) available: Detailed
description of AFM image contrast adjustment for creating histograms
and absorbance spectra over time for AgNPs in MHRW + I and
MHRW + II. See DOI: 10.1039/c1em10024f

Environmental impact

Silver nanoparticles are reported to be used in the greatest num

challenges for environmental risk assessment scientists and regul

conflicting environmental risk experiment results for nominally sim

methods and initial dispersion conditions have in the reported size d

enable easier comparisons across laboratories, and provide improv

tions, with the aim of enabling more rapid science-based regulatory
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consumer products2 and basic research,3,4 and prompting

increased regulatory and public interest in assessing whether or

not any novel environmental, health and safety (EHS) risks are

posed.5–8 Moreover, the existence of naturally occurring colloidal

AgNPs in the environment has been reported, both in the mid

1990’s,9 well before the recent surge in consumer products con-

taining AgNPs, and recently in mining effluents in less-developed

regions unlikely to have widespread use of AgNP-containing

products.10

AgNPs are commercially available in size ranges from 1 nm to

100 nm and are typically surface modified with capping agents

such as citrate, starch or polyvinylpyrrolidone (PVP). Although

aqueous AgNP suspensions are often monodisperse when

purchased from commercial sources, their agglomeration can be

induced or inhibited by ionic strength, specific cations and the

presence of biological molecules or natural organic matter

(NOM).11–13 Because the agglomeration state of AgNPs can also

significantly affect transport and biological activity,14 one of the

current uncertainties with respect to investigating the nanoEHS

effects and behavior of AgNPs is the variability in size
ber of consumer products containing nanomaterials, creating

ators. This work will facilitate intercomparison of sometimes

ilar silver nanoparticles, elucidating the role that measurement

istributions of materials. Recommendations are made that will

ed interpretation of experimental and environmental observa-

decisions.
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distribution, polydispersity, and agglomeration, especially with

respect to their introduction into environmentally relevant

matrices. This is further compounded by the widely underap-

preciated differences in metrology across measurement tech-

niques employed to report these physico-chemical properties.

Indeed, while physico-chemical characterization of NPs by

multiple techniques under relevant conditions has attracted

attention in recent literature15–17 and numerous lists suggesting

minimum characterization reporting requirements of nano-

materials have been generated,2 critical knowledge gaps still

exist. Thus, this work specifically aims to identify potential

pitfalls to avoid when reporting sizes and size distributions using

several widely used physico-chemical characterization tech-

niques, to explore the role of ‘‘stock’’ solution processing prior to

measurement, and to develop rational approaches for compar-

ison of the wide range of reported results. This work will enable

more sophisticated re-interpretation of previous literature

reports that may have initially appeared to be contradictory by

reporting different nanoEHS results on nominally similar

materials that were in fact significantly different. For example,

the uncertainty associated with the aggregation of AgNPs and

their interaction with NOM and inorganic compounds found in

the environment can impact several areas of the source-to-

outcome continuum used to determine risk.18 Thus, compar-

ison of measurement approaches and their underlying

metrology, as applied to AgNPs, may better inform investiga-

tions designed to answer questions such as: (1) what are the

major processes and/or properties that govern the environ-

mental fate, transport, and transformation of manufactured

nanomaterials? (2) how are these related to the physical and

chemical properties of those materials? (3) what technologies

exist, can be modified, or must be developed to detect and

quantify manufactured nanomaterials in environmental media

and biological samples?

Providing basic characterization parameters for commercial

AgNPs in commonly used environmental test media will poten-

tially be beneficial to scientists in this field.19 Indeed, some

preliminary reports using selected measurement techniques on

a single type of AgNP can be found in the literature.20 However,

the work reported herein is unique in several ways: the range of

AgNP materials and environmentally relevant dispersion

conditions investigated, as well as the breadth of measurement

techniques applied. Therefore, this work also aims to demon-

strate one approach for identifying a routine screening assay to

detect media-related changes in AgNP suspensions by relating

precise, rigorous measurements of size and size distribution (e.g.,

based on transmission electron microscopy (TEM), atomic force

microscopy (AFM), or small angle X-ray scattering (SAXS)) to

simple and inexpensive measurements with either proven tech-

niques (based on optical properties, e.g., by ultraviolet-visible

spectroscopy (UV-vis) or dynamic light scattering (DLS)) or

newer approaches (nanoparticle tracking analysis (NTA)) which

may still suffer from reproducibility issues in their infancy.21 This

approach will be demonstrated on characterization data from

a range of AgNP preparations with respect to size and size

distribution in water, United States Environmental Protection

Agency (EPA)-defined moderately hard reconstituted water

(MHRW) and MHRW with Suwannee River Fulvic Acid

Standard I or Humic Acid Standard II.
This journal is ª The Royal Society of Chemistry 2011
Experimental

AgNP materials

The vendor-reported nominal diameters are selected as the

nominal diameters for AgNPs used throughout this paper.

AgNPs were selected to provide as broad of a range as possible of

sizes, capping agents, and powder/suspension states. Two sepa-

rate batches were obtained, one for TEM, NTA, and UV-vis, and

the second for AFM, USAXS, DLS, and UV-vis. Citrate-capped

AgNPs were obtained from several sources, including 10 nm, 20

nm, and 100 nm from the NanoXact product line (Nano-

composix, San Diego, CA, USA); 20 nm, 40 nm, 60 nm, and 80

nm from the unconjugated silver colloids BBI product line (Ted

Pella, Redding, CA, USA), and 20 nm from Microspheres-

Nanospheres (Cold Spring, NY). Starch-capped (10 to 15 nm)

AgNPs were obtained from Strem Chemicals (Newburyport,

MA, USA). PVP-capped AgNPs 10 nm and 50 nm were obtained

from the NanoXact product line (Nanocomposix, nominal, San

Diego, CA, USA) and 10 nm, 30 to 50 nm, and 50 nm from

NanoAmor (Houston, TX, USA). Oleic acid capped 30 to 50 nm

AgNPs were obtained as powders from NanoAmor (Houston,

TX, USA). AgNPs (1 to 10 nm) (no capping agent specified) were

obtained from Vive Nano (Toronto, Canada). Stock dispersions

of AgNPs received as powders were prepared by adding 1.0 mg of

AgNP powder to 1.000 mL of deionized (DI) water and soni-

cating in a bath sonicator for 10 min. For selected measurements

of the reconstituted AgNPs, the suspensions were first passed

through a 0.45 mm polyvinylidene fluoride (PVDF) syringe filter.

DI water (18.2 MU cm) was obtained from an Aqua Solutions

(Jasper, GA, USA) Type I biological grade water purification

system outfitted with an ultraviolet lamp to oxidize residual

organics and a low relative molecular weight cut-off membrane,

then passed through a 0.1 mm PVDF syringe filter before use. All

AgNP suspensions were stored at 4 �C in the dark in their

original containers, while powders were stored in the dark at

ambient temperature. All AgNPs were characterized within 11

months of receipt from vendors, and frequently within 3 months

of receipt.
Dispersion preparation

AgNPs were analyzed as-received, diluted with deionized (DI)

water, diluted with EPA MHRW,22 or MHRW plus Suwannee

River Fulvic Acid Standard I or Suwannee River Humic Acid

Standard II (1S101F and 2S101H, respectively, International

Humic Substances Society, St Paul, MN, USA) at a NOM

concentration of 10 mg mL�1. AgNPs were added to diluents,

shaken by hand for 2 s, then allowed to stand for at least 1 h

before measurements began.
UV-vis spectroscopy

UV-vis spectra were collected on both Perkin Elmer (Waltham,

MA, USA) Lambda 750 and Hewlett Packard (HP) Model 8453

spectrophotometers in UV-transparent disposable plastic semi-

micro cuvettes (Brandtech, Inc., Essex, CT, USA) with a 1 cm

path length, requiring 1 mL sample volumes. The Perkin Elmer

spectrometer uses a split-beam configuration equipped with an

8 + 8 cell changer and water-jacketed temperature control;
J. Environ. Monit., 2011, 13, 1212–1226 | 1213



measurements were performed at 25.0 � 0.2 �C. The HP

instrument has a single beam configuration and measurements

were taken at 25 �C. Concentrated AgNP solutions were diluted

such that the initial absorbance was approximately 1.0 at the

surface plasmon resonance (SPR) absorbance peak wavelength

(lmax).

Dynamic light scattering (DLS)

The DLS methodology followed recommendations outlined in

the NIST-Nanotechnology Characterization Laboratory (NIST-

NCL) Assay Cascade protocol PCC-1.23 DLS measurements

were performed using a Malvern Instruments (Westborough,

MA, USA) Zetasizer Nano in 173� backscatter mode. Sample

preparation was performed in a particle-free hood. Disposable

semi-micro cuvettes were cleaned and dried immediately before

use. Measurements were performed at 20.0 � 0.1 �C. The

cumulants analysis algorithm was applied to obtain the Zavg

equivalent hydrodynamic diameter and the polydispersity index

(PI). The PI is a metric for the width of the size dispersion, and an

increase in PI is indicative of aggregation, agglomeration, or

other processes that introduce size heterogeneity.

Nanoparticle tracking analysis (NTA)

Solutions were diluted to an approximate AgNP concentration

range of 109 AgNPs per mL, and injected via a 1 mL disposable

syringe into a Nanosight LM20 (Nanosight, Amesbury, UK)

equipped with a 633 nm laser and low sensitivity detector. The

liquid cell was cleaned by rinsing with filtered DI water between

samples, and fresh DI water post-rinsing was checked to ensure

no cross-contamination of AgNPs occurred. The optics were

adjusted by finding the immobile area of diffraction from the

laser beam, or so-called fingerprint, and moving the liquid cell so

that the volume closest to the fingerprint without interferences

was the volume observed. Camera settings were adjusted

empirically by maximizing the brightness of the AgNPs while

minimizing any background light. Videos were collected for 30 s.

Post-collection analysis parameters were adjusted empirically to

maximize the number of particles correctly identified by the

proprietary software (NTA version 2.0) while simultaneously

minimizing the number of noisy pixels incorrectly identified. As

with most measurement techniques, incorrect use of the instru-

ment can produce incorrect or misleading data. Thus, video

analysis parameters including blur, detection threshold, gain,

brightness, and number of completed tracks were adjusted

independently and systematically to maximize the number of

completed tracks obtained during a video analysis before

reporting sizing results using those processing conditions.

Transmission electron microscopy (TEM)

NIST-NCL Assay Cascade protocol PCC-7 was broadly

followed.24 Briefly, amine-functionalized silicon TEM windows

(Dune Sciences, Eugene, OR, USA) were immersed into a AgNP

solution, incubated for 1.0 min, then rinsed by immersion into

filtered DI water. Images were acquired at 300 kV using a Tecnai

TEM (FEI, Hillsboro, OR, USA) with a 2k Gatan camera. The

imaged structures were also analyzed by energy dispersive X-ray

spectroscopy for elemental composition using an EDEX
1214 | J. Environ. Monit., 2011, 13, 1212–1226
detector. At least 5 locations on the TEM window (grid) were

examined, and between 50 and 90 images were recorded. Image J

software was used for image analysis, freely available on the

internet.25,26 Sizes were measured by using the line distance

measuring tool across the diameter of the AgNP, calibrated to

the scale bar imprinted on the TEM.
Atomic force microscopy (AFM)

NIST-NCL Assay Cascade protocol PCC-6 was broadly

followed.27,28 Briefly, AFM samples were prepared by incubating

20 mL of AgNP dispersion on a 5 by 5 mm single side polish-

ed silicon wafer piece functionalized with 3-amino-

propyldimethylethoxysilane (Gelest, Morrisville, PA, USA),

referred to as AFM substrates. Measurements were performed

using a Dimension 3100 AFM with a Nanoscope V controller

(Bruker AXS, Santa Barbara, CA, USA) operated in intermit-

tent contact or tapping mode, using an open-loop scanner.

Cantilevers with a nominal spring constant of 7.4 N m�1 and a tip

radius of curvature of less than 8 nm (NanoAndMore, Lady’s

Island, SC, USA) were used to collect all images. No less than 10

images were collected at arbitrary locations across a sample using

an automated programmed-move routine to collect up to 100

images from up to 10 samples per session. One tip was used per

session and then discarded. Figures shown are representative of

all particles imaged. A subset of structures were analyzed using

the cross-section analysis tool of the Nanoscope v7.20 software

and manually selecting a point on the substrate surface and

a point at the peak of the AgNP and recording the difference in

Z-height between points. Image contrast for Z-height data was

examined at two settings to ensure proper sizing of small and

large AgNPs (see Fig. S1 and S2† for details).
Ultra small angle X-ray scattering (USAXS)

USAXS measurements were carried out at sectors 32-ID and

15-ID at the Advanced Photon Source (APS). The instrument is

described in detail elsewhere.29–31 Experiments were performed at

ambient temperature (approximately 25 �C). For USAXS scans,

a (0.4 � 0.4) mm monochromatic (energy ¼ 10.5 keV, l ¼ 0.118

nm) incident X-ray beam was used. The scattering data were

corrected for parasitic background scattering and for attenuation

(using data from an aqueous buffer). See the ESI† (Fig. S3) for

extended discussion on background subtraction in USAXS

samples with low scattering intensity. The USAXS data, which

are inherently slit-smeared perpendicular to the scanning direc-

tion, were absolute-calibrated with respect to the incident beam

intensity according to first-principle methods,31 and desmeared

using the well-established Lake algorithm.32 For measurements,

approximately 0.3 mL of suspension was enclosed within a 1 mm

thick liquid cell with polyamide film windows.

To obtain quantitative NP volume fraction size distributions

the calibrated 1-D USAXS intensity data, I(Q) versus Q (where

Q¼ (4p/l)sin Q is the magnitude of the scattering vector, l is the

X-ray wavelength and Q is half of the scattering angle), were

analyzed using an entropy maximization algorithm known as

MaxEnt.33 The USAXS data were reduced and analyzed

(including implementation of MaxEnt) within the Irena 2
This journal is ª The Royal Society of Chemistry 2011



package of data evaluation and modeling macros for Igor Pro

(Wavemetrics, Lake Oswego, OR, USA).34
Uncertainty reporting

The approach taken throughout this paper for reporting uncer-

tainties is as follows. Error bars for TEM and AFM represent

one standard deviation about the mean for all particles counted

in a sample. The TEM and AFM error bars therefore represent

the width of the distribution, and are not reflective of the

uncertainty associated with determining the mean size. For DLS,

the mean of five replicate Zavg measurements under repeatability

conditions is reported, with error bars of one standard deviation

about the mean of the Zavg values. The DLS error bars represent the

repeatability of the DLS measurement (the ability to achieve the

same measurement result consecutively), and do not indicate

the width of the size distribution. For USAXS, an estimated

measurement uncertainty of �10% is assigned to all values

reported, based on the previous experience measuring NIST gold

NP reference materials RM8011, RM8012, and RM8013.35–37

Again, this represents the USAXS uncertainty in the mean

diameter, not a measure of the width of the size distribution.
Results and discussion

Role of handling on size and size distribution

Scientists wishing to test size-effect-based hypotheses require

well-characterized size distributions, and desire the narrowest

size distributions possible to achieve separation of size-depen-

dent effects and the most meaningful conclusions. Yet, the

conditions under which the materials are ‘‘initially’’ characterized

can impact their reported size and size distributions, which are in

turn used as the basis for interpretation of test results. Fig. 1

illustrates examples of the various points in material handling
Fig. 1 Scheme illustrating some of the common points that measure-

ments of ‘‘stock’’ AgNPs could take place. The variables of time between

points and storage conditions can affect the stability and degradation

kinetics of the AgNPs and thus the observed size and size distribution of

the same lot of material.

This journal is ª The Royal Society of Chemistry 2011
where measurements can occur. To compare the strengths and

weaknesses of each measurement technique, the AgNPs selected

for this study were analyzed as received or diluted with DI water,

which will be referred to as pristine conditions (Fig. 1, point 2),

and diluted into MHRW (Fig. 1, point 3a), or MHRW with

NOM Standard I or II (MHRW + I or MHRW + II, respec-

tively) (Fig. 1, point 3b), discussed later, with the sizing results

for each dispersion condition summarized in Tables 1, 2, and 3,

respectively. Fig. 2 illustrates the differences between the repor-

ted nominal size (Fig. 1, point 1) and the observed mean size for

the citrate-capped AgNPs for the pristine materials (Fig. 2a), and

dilution into environmental media MHRW (Fig. 2b) or MHRW

+ I (Fig. 2c).
Pristine conditions

Fig. 2a illustrates the range of mean sizes that could potentially

be reported for AgNPs under pristine conditions, and Table 1

details the numerical sizing results. The range of deviations from

the nominal vs. measured line (dashed lines in Fig. 2) illustrates

the complexity of intercomparing results. Among the citrate- and

PVP-capped AgNPs from various sources, certain trends were

noted. For example, Fig. 3 provides the size distributions for the

citrate-capped AgNPs under pristine conditions. Samples B–D

(Fig. 3b–d, respectively), each nominally 20 nm, yield mean

diameter measurements of 21.3 nm, 15.6 nm and 23.6 nm,

respectively, by AFM, and 20.3 nm, 20.9 nm and 29.2 nm,

respectively, by TEM (see Table 1 for uncertainties). Represen-

tative TEM and AFM images of Sample D are shown in Fig. 4a

and b, respectively. These AgNPs yield mean hydrodynamic

diameters of 35.1 nm, 50.0 nm and 30.8 nm, respectively, by DLS

and mode measurements of 33.2 nm, 39.0 nm and 51.0 nm,

respectively, by NTA (Table 1). An example size distribution of

Sample D obtained from NTA based on over 100 completed

tracks is shown in Fig. 4c. The dry-state measurements provided

by AFM and TEM show mean diameter values that differed by

less than 10 nm from the nominal reported values, whereas the

measurements of average hydrodynamic diameter are larger by

up to 30 nm, suggesting influence from surface coatings, a few

large-sized outliers, and/or the presence of small agglomerates.

Most of the citrate- or PVP-capped AgNPs that are greater than

20 nm follow these measurement method trends. For AgNPs

nominally less than 20 nm (Samples A, I, J, M, and N), mean

diameter measurements by AFM and TEM range from 7.9 nm to

12.4 nm and 3.6 nm to 52.0 nm, respectively. By contrast, mean

hydrodynamic diameters measured by DLS and NTA range

from 22.7 nm to 547 nm and 18.2 nm to 195 nm, respectively. The

larger increases (greater than 300%) for the hydrodynamic

diameter measurements of these AgNPs suggest the presence of

AgNP agglomerates is common.
Environmental media

Measurements that show the greatest positive deviations from

the sizes reported by the manufacturers involve hydrodynamic

diameter values (measured by DLS and NTA) for AgNPs less

than 20 nm. Deviations below the nominal vs. measured line were

observed for AFM and USAXS measurements for AgNP with

nominal diameters larger than 40 nm (Fig. 2a). When AgNPs
J. Environ. Monit., 2011, 13, 1212–1226 | 1215
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Table 2 Mean sizes of AgNPs in MHRW. Sample codes and uncertainties follow same conventions in Table 1

Sample code A B D E F G H I J K L M O

Nominal size/nm 10 20 20 40 60 80 100 10 10 50 50 1–10 30–50
DLS mean Zavg/nm 33 49.9 39.0 51.6 90.8 121.0 195.9 146.2 227.7 111.0 43.8 126.9 251.1
DLS SD/nm 7.3 0.7 0.5 0.5 0.7 3.2 17.4 132.8 38.1 3.5 0.6 3.0 232.7
AFM mean height/nm 13.3 21.3 24.3 33.0 29.1 35.7 111.2 11.4 32.7 37.5 38.0 4.8 148.6
AFM SD/nm 4.6 5.3 4.6 23.0 24.8 44.1 22.6 4.0 38.8 49.8 14.1 3.8 87.6
AFM # NPs counted 101 100 102 37 26 18 4 100 56 8 55 102 82
NTA mean size/nm 133 42 56 60 85 104 104 — — — 52 62.7 131
NTA mode size/nm 20 52 53 56 81 100 97 — — — 46 52.7 114
# Completed Tracks 40 1128 1829 1653 7 403 1134 — — — 1869 646 293
with nominal sizes in the range of 20 to 100 nm are suspended in

MHRW, measurements of the hydrodynamic diameter by DLS

and NTA typically increased above the nominal vs. measured

line (Fig. 2b). For Sample O, oleic acid-capped nominally 30 to

50 nm AgNPs, diameter values measured by DLS, NTA and

AFM significantly increase (Fig. 2b). The addition of NOM in

the form of Suwannee River Fulvic Acid Standard I (MHRW +

I) nearly eliminates these deviations for AgNPs with average

diameters larger than 20 nm, as measured by DLS (Fig. 2c), and

reduces the deviation for Sample D (citrate-capped nominally 20

nm AgNPs, Fig. 5a).

The diameter of the AgNPs can be expected to differ some-

what depending on several factors, including the measurement

technique, the thickness of the initial capping agent, and the

thickness of the NOM layer sorbed onto the AgNPs. The

capping agent and NOM density on the surface, and ability of

NOM molecules to competitively displace the initial capping

agent will also impact the observed size. Tables 2 and 3

summarize the observed sizes in MHRW and MHRW + I,

respectively, in selected samples. Fig. 5 illustrates, for Sample D

specifically, the impact of the measurement technique combined

with measurement media or sample process history on the

observed mean size. The size distribution results under pristine

conditions (Fig. 5b) converge near a mode at 30 nm diameter.

The AFM and DLS modal diameters do not vary much across

the three media, although both the techniques revealed a broader

size distribution in both MHRW (Fig. 5c) and MHRW + I

(Fig. 5d). This broadening may be due to the formation of small

agglomerates in MHRW, the adsorption of NOM, or dissolution

of the AgNPs.

Molecules that sorb onto the AgNP surface can provide

additional colloidal stability against charge screening through

steric repulsive forces. This stability becomes evident comparing

the results for AgNPs in MHRW and MHRW + I, and again by

comparing citrate-capped and PVP-capped AgNPs (Tables 2 and
Table 3 Mean sizes of AgNPs in MHRW + I. Sample codes and uncertaint

Sample code A B D

Nominal size/nm 10 20 20
DLS mean Zavg/nm 25.8 38.4 37.8
DLS SD/nm 0.5 1.5 1.6
DLS mean PI 0.289 0.471 0.294
AFM mean height/nm 9.6 16.3 19.0
AFM SD/nm 3 7.1 10.3
AFM # NPs counted 100 18 100

This journal is ª The Royal Society of Chemistry 2011
3, A and I). In MHRW, the presence of higher electrolyte levels

leads to charge screening and a reduction of the Debye length,

which causes the electrostatic repulsive forces to decrease

significantly. Moreover, the AgNPs in MHRW + I are less stable

over 72 h (Fig. 6a and S4–S14†) than AgNPs in MHRW with

Humic Acid Standard II (MHRW + II) over 42 h (Fig. 6b and

S15–S22†).

The results with Sample D in Fig. 6 illustrate the difference in

the two NOM standards’ abilities to stabilize single citrate-cap-

ped AgNPs and slow their agglomeration in MHRW. The

decrease of the single AgNP SPR absorbance peak near 400 nm,

and the appearance of a second absorbance peak at red-shifted

wavelengths after several hours, indicates agglomerates are

forming in solution. The agglomerate peak red-shifts in peak

wavelength and absorbs more strongly with Fulvic Acid Stan-

dard I (Fig. 6a) compared to Humic Acid Standard II (Fig. 6b).

These results suggest that both the type of NOM, as well as the

length of time between dispersion preparation and character-

ization, are critical experimental factors to report alongside size

distributions of ‘‘stock’’ AgNPs.
Powders versus suspensions

AgNPs received as aqueous suspensions more frequently exhibit

narrow size distributions compared with powders that require

a subsequent dispersion step. Indeed, the quality of dispersions

formed from dry powders varies widely, depending upon many

factors including those associated with the application of ultra-

sonic energy (e.g., input power, temperature, geometry of the

sonicator and solution vessel), the selection or inclusion of

capping agents, and solution chemistry.38 Recently, protocols

addressing how to prepare39 and report the preparation of these

powders40 have been published. There can also be temporal

changes to the quality or stability of powder dispersions. For

example, serial dilutions of a powder of PVP-capped AgNPs
ies follow conventions in Table 1

E F G H I

40 60 80 100 10
38.4 61.6 88.1 100.7 45.5
1.3 0.8 1.1 1.2 22.9
0.267 0.209 0.168 0.069 0.214
8.7 12.2 12.2 17.8 9.0
5.8 12.5 14 8.4 2.2

101 101 100 7 100
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Fig. 2 Mean size by measurement technique plotted against the

‘‘nominal’’ size reported by the manufacturer for (a) pristine conditions,

(b) dilution into MHRW, and (c) dilution into MHRW + NOM I. All

panels use legend shown in (a). Vertical bars in observed size (y-axis)

follow conventions described in the Experimental section, keeping in

mind that error bars for different techniques have different meanings,

from precision of the measurement to width of the distribution; refer to

Tables 1–3 for values smaller than symbols. Horizontal bars in nominal

size (x-axis) represent the range provided by the source, where appro-

priate.
dispersed into DI water were examined by collecting an absor-

bance spectrum every hour for 96 h (surface plots of the entire

datasets are available in Fig. S23–S26†) after treatment in a bath

sonicator and vortexing for approximately one min, this exper-

iment reveals what might typically be reported for an absorbance

spectra over the wavelength range of 300 to 800 nm. At longer

wavelengths, a turnover to a broad absorbance that is nearly

featureless occurs, suggesting the sample is a very polydisperse,

significantly aggregated suspension that settles below the beam-

path nearly completely (approximately 90% loss of absorbance)

over a few days.
Measurement method impact on observed size distribution

Microscopy. The underlying metrology of the measurement

techniques employed will impact the reported size and size

distribution of the AgNPs. For example, microscopy-based
1218 | J. Environ. Monit., 2011, 13, 1212–1226
techniques such as scanning electron microscopy (SEM), TEM,

or AFM typically require dried samples fixed on a solid support,

and the sample preparation method can impact the results

considerably (e.g., by producing artifacts of the drying process).

NIST-NCL Assay Cascade protocols PCC-6 and PCC-7 provide

further details on how to minimize these effects by either elec-

trostatically or covalently attaching NPs in solution onto a solid

imaging support and thereby mitigate drying-induced agglom-

eration.24,27,41,42

TEM provides greater contrast with increased atomic number

elements. Thus, the Ag core of the AgNP has considerably more

contrast compared to the carbonaceous capping agents. Low-

contrast carbon-rich capping agents can be quite challenging to

visualize without employing advanced techniques such as nega-

tive staining or low voltage TEM; therefore, reported electron

microscopy sizes typically represent the core particle and ignore

the size of any organic capping layer or other molecules associ-

ated with the AgNP that would increase in the hydrodynamic

diameter. This is why TEM and AFM sizes often converge more

closely than DLS with either form of microscopy.

AFM quantitatively measures the height of the AgNP.

However, the dehydrated capping agent layer may or may not be

included in the reported size, depending on the contact forces

used during imaging. This effect is possible in the most common

imaging modes, either in contact mode or intermittent contact

(tapping) mode. In contact mode, loosely bound capping agent

molecules may be physically scraped off the AgNP surface, while

in intermittent contact mode, the force of the tip contacting the

surface at the bottom of each ‘‘tap’’ may be sufficient to partially

or completely indent through a compliant top layer of capping

agents. Also, some capping agent molecules may decrease in size

when solvent molecules associated with their most stable struc-

ture in solution are evaporated.43 However, in many cases the

contribution to the measured height from the capping layer is

negligible relative to the core particle height.

AFM can provide topographical images, but the horizontal

dimensions are difficult to quantify due to tip-broadening effects

arising from the radius of curvature of the AFM tip, which can

be compensated for through measurements of a size standard

and a straightforward equation.44 Moreover, for faceted particles

(common for gold and AgNPs) the maximum height may be

affected by the manner in which the facets are oriented with

respect to the underlying substrate, and the measured Z-height of

the NP may not reflect the maximum dimension of the nano-

particle if any spherical asymmetry exists.

One great advantage of AFM is the sub-nm resolution of

Z-height measurements in a well-calibrated system, enabling

confidence in measurements of very small (<5 nm) AgNPs. A

word of caution is warranted when preparing histograms from

AFM images. Various image output settings can make very small

NPs appear either visually striking or nearly invisible (see Fig. S1

and S2† for details), running the risk of unintentional omissions

when preparing a histogram and limiting one of the advantages

of AFM. This risk is greatest when the difference between the

diameter of the small and large NP populations is greatest. One

example of this AFM advantage is illustrated in Fig. 3h, where

the AFM measurements were able to observe a substantial

population of very small AgNPs that are apparently ‘‘invisible’’

to the TEM and USAXS. While the AFM measurements alone,
This journal is ª The Royal Society of Chemistry 2011



Fig. 3 Histogram size distributions of citrate-capped AgNPs under pristine conditions. DLS intensity-based size distributions (percent of total intensity

signal), AFM particle heights (number of AgNPs counted), TEM particle diameters (number of AgNPs counted), and USAXS volume fraction

histogram for citrate-capped AgNPs corresponding to Table 1 Samples A–H, respectively. All bin widths are logarithmically scaled to facilitate

comparison.

This journal is ª The Royal Society of Chemistry 2011 J. Environ. Monit., 2011, 13, 1212–1226 | 1219



Fig. 4 Sample D, citrate-capped nominally 20 nm AgNPs, representative (a) TEM and (b) AFM images, (c) example size distribution from NTA data

with over 100 completed tracks, and (d) UV-vis spectrum. Scale bars are (a) 50 nm and (b) 200 nm.
although convincing, do not prove the presence of the AgNPs,

due to the challenges of distinguishing low concentrations of very

small particles in mixtures with larger AgNPs by TEM and

USAXS, these small particles cannot be treated as AFM artifacts

either. Thus, a quick examination for very small AgNPs is sug-

gested when preparing a size distribution by AFM, especially

when reporting the sizes of materials used in hypothesis testing of

size-based effects.

Further discussion on the reporting of uncertainties is war-

ranted. The reported values from microscopy-based measure-

ments are often the mean of all observed particles with one or

two standard deviations about this mean (assumes a Gaussian

distribution). The uncertainty in this case primarily reflects the

width of the size distribution itself. The uncertainty in the mean

of number-based particle sizing measurements (including NTA)

can be reduced by increasing the number of particles sampled

(i.e., uncertainty is inversely proportional to the square of the

particles counted). This is described in detail in NIST special

publication 960-1.45 On the other hand, DLS hydrodynamic

measurements typically report the mean of several measurements

performed under repeatability conditions with an uncertainty of
1220 | J. Environ. Monit., 2011, 13, 1212–1226
one or two standard deviations about the mean of those

measurements. For this case, the uncertainty represents the

repeatability or precision of the mean size determination, and

does not reflect the width of the particle distribution. This is an

important distinction to keep in mind when comparing results

across measurement methods.

Absorbance. Through the SPR absorbance of AgNPs, UV-vis

spectroscopy can provide qualitative information about the size

and size distribution, as well as quantitative information about

their concentration. The SPR absorbance peak will be fairly

narrow and centered close to a lmax of 390 nm for AgNPs up to

about 10 nm in diameter.46 As the diameter increases, the SPR

peak begins to broaden, and the lmax wavelength begins to red-

shift (see, for example, Fig. S27†).47,48 NP shape asymmetry or

coupling of the SPR across multiple NPs through agglomeration

can induce either similar effects,49,50 as well as broad, multiple or

asymmetric peaks.50,51 Additionally, SPR lmax wavelengths and

extinction coefficients are affected by the local dielectric envi-

ronment surrounding the AgNP; consequently, changes to the

electrolyte composition or concentration of the suspending
This journal is ª The Royal Society of Chemistry 2011



Fig. 5 (a) Observed mean size by measurement technique, plotted as a function of process steps or media conditions under which measurements of

‘‘stock’’ solutions could occur. Histogram size distributions for measurements under (b) pristine conditions, (c) MHRW, and (d) MHRW with NOM

Standard I. Color scheme of legend in (a) applies to all panels. All data are from Sample D (nominally 20 nm citrate-capped AgNPs). See Tables 1–3 for

uncertainties smaller than symbol size.
media, or changes to the surface chemistry or coating molecules,

can alter lmax to varying degrees.49,52
Hydrodynamic diameter measurement. DLS and NTA measure

the hydrodynamic diameter of AgNPs in situ, which includes the

Ag core, capping agents and any other molecules sorbed to the

surface, and layers of solvent molecules that are associated with the

NP during Brownian motion. These components are contained

within a hydrodynamic sheath that is assumed to conform to

a spherical geometry. Additionally, any agglomerates or aggre-

gates present in the suspension will be measured and contribute to

the mean size and polydispersity. Due to the fundamental

metrology of DLS measurements, Raleigh scattering dictates that

the light intensity scattered by a NP is proportional to its diameter

raised to the sixth power, and thus larger diameter particles will

dominate the intensity signal. Recently, Tsai et al.53 reported an

approach to estimate the contribution to the overall DLS intensity

signal in a mixture of two types of NPs. To quantify the impact,

these authors defined a dimensionless parameter
This journal is ª The Royal Society of Chemistry 2011
g ¼ NP1 scattering intensity

NP2 scattering intensity
¼ 3NP1NNP1d 6

NP1

3NP2NNP2d 6
NP2

where 3, N, and d are the refractive index, number concentration,

and hydrodynamic diameters, respectively, with subscripts NP1

and NP2 indicating NP types 1 and 2, respectively. Assuming

NP1 is larger than NP2, and similar values for 3 and N for both

NPs, an increase in g will reflect the decreased contribution from

NP2 (here, the smaller NP) on the observed DLS scattering

intensity. For example, if there was an equal number of 5 nm and

50 nm AgNPs in a mixture, then g would be 106. This is a plau-

sible situation that might occur, for instance, if a selective

dissolution process was occurring to only a fraction of AgNPs in

a sample.

NTA measures the Brownian motion of individual AgNPs by

tracking the two-dimensional projection of their three-dimen-

sional motion via collections of diffraction image videos using

a CCD detector. The NTA manufacturer’s proprietary software

determines the location in the field of view of the center of the

spot of light scattered by a single NP. Since the distance between
J. Environ. Monit., 2011, 13, 1212–1226 | 1221



Fig. 6 UV-vis absorbance spectra over time for Sample D, citrate-cap-

ped nominally 20 nm AgNPs, diluted into (a) MHRW with NOM

Standard I and (b) MHRW with NOM Standard II. False colors (legend

inset) represent the absorbance intensity. Spectra were collected every 1 h

for 72 h in (a) and 42 h in (b).
pixels and time between frames are known, the velocity of the

center spot is calculable, and the Brownian motion and hydro-

dynamic diameter can thus be calculated. Because NTA is

tracking individual scatterers, the method is not as subject to the

g intensity limitations of DLS when measuring polydisperse

samples. Rather, the relative intensity (i.e., pixel brightness) is

recorded in addition to the hydrodynamic diameter, allowing

a user to determine if there are multiple populations of NPs with

the same hydrodynamic radius but different refractive indices.

This is similar to comparing the relative contrast by TEM of

similar sized NPs composed of, for instance, different elements,

and is something DLS cannot do. NTA is also capable of

measuring hundreds of individual AgNPs in much less time than

required by microscopy techniques and reports both the mean
1222 | J. Environ. Monit., 2011, 13, 1212–1226
and mode hydrodynamic diameter. Nevertheless, NTA is also

subject to certain limitations.54 Due to laser power and camera

detector limitations, particles with diameters less than about 40

nm become increasingly challenging to measure with the systems

employed in the present work; below about 20 nm reliable data

cannot be obtained. Also, the concentration ranges of this

technique are narrowly limited. A sufficient number of NPs must

be in the field of view to obtain a meaningful number of

completed tracks, typically at least 300, in a reasonably short

time, yet there must not be so many particles that they cross

paths so frequently that the software cannot distinguish each

NP’s trajectory from frame to frame.
USAXS

USAXS, like electron microscopy, provides greater contrast with

increasing atomic number. Synchrotron based measurements in

liquid cells enable size and size distribution measurements of the

Ag core of the AgNP under in situ conditions,55 and in certain

cases the ability to measure when AgNPs are in close and ordered

proximity to each other, from dimers to agglomerates up to

colloidal crystals. See the ESI† (Fig. S3) for extended discussion

on the importance of careful background subtraction in USAXS

samples with low scattering intensity, a scenario that is likely to

be encountered at environmentally relevant concentrations, but

which can sometimes be overcome.

Additionally, calibrated USAXS has the capacity to resolve

mean, median, or mode diameters for each population in

a multimodal size distribution, on a quantitative basis, yielding

volume fraction (i.e., concentration) of scatterers (i.e., AgNPs) in

solution contributing to each part of that specific distribution.

Quantitative USAXS results involve instrumental calibration by

direct beam intensity measurement. USAXS also works well for

resolving multiple populations in close size proximity, unlike

DLS which requires separation of population sizes by at least

a factor of three.
Challenges comparing size and size distribution results

When considered collectively, the six techniques described above

can provide the sizes and size distributions of the Ag core, Ag

core plus hydrated organic shell (in solution), and Ag core plus

dehydrated shell (in air). This range of information presents both

challenges and opportunities. For example, it is problematic and

not uncommon that the same AgNPs can be reported to have

significantly different sizes or size distributions; this is especially

true if separate groups of investigators rely upon a single tech-

nique to report size. However, a strategic selection of measure-

ment approaches applied to the same sample can provide

information about size, size distribution, agglomeration state

and organic shell coating thickness, information not obtainable

from a single technique.

Comparison of the results from Table 1 for Sample D, nomi-

nally 20 nm citrate-capped AgNPs, indicates how differences in

measurement methods manifest themselves in the experimental

data. The measured mean diameters are 30.8 � 1.2 nm for DLS,

29.2 � 3.0 nm for TEM, 28 nm for NTA, 27.9 � 2.8 nm for the

USAXS primary population, and (23.6 � 4.6) nm for AFM,

keeping in mind the differences in uncertainties across techniques
This journal is ª The Royal Society of Chemistry 2011



described earlier. Based on results reported for citrate-capped

gold NPs under pristine conditions,35 a 5 nm spread in mean size

between several techniques for the same sample is a reasonable

expectation. In that context, a 7 nm difference for AgNPs does

not seem unreasonable, assuming a similar size distribution.

Moreover, DLS, as expected, yields the largest apparent size, and

AFM yields the smallest. The same trend was reported for

citrate-capped gold NPs, including the close correlation between

USAXS and AFM.

To some extent these observed trends can be related to the

different ways in which the analyses are weighted. Different

techniques commonly report different bases for size distribu-

tions. For example, ASTM standard E2490-09 recommends that

the native intensity-based size distribution be reported for DLS

measurements, which is equivalent to a volume-squared-basis for

NPs. For USAXS, the volume- or mass-based size distribution is

typically reported, while NTA, AFM and TEM generate

number-based size distributions. Techniques that report higher

moments of the distribution (e.g., DLS Zavg) will yield mean sizes

that are generally larger for the same particle population; the

broader the distribution, the greater the spread in mean size

values. Moreover, converting from number-based to volume-

based to volume-squared-based will lead to a progressively

diminishing contribution from the smallest diameter NPs.

Inversely a very small amount of noise, error or uncertainty in

the data could be magnified to an incorrect over-representation

of small NPs in a calculated volume-based distribution from

a volume-squared-based distribution. For example, converting

from a number basis to a volume basis, a single 100 nm AgNP

would occupy the same volume as 106 1 nm AgNPs; it would be

extremely challenging in an experimental setting to achieve

precision and accuracy to well beyond six significant figures for

any technique (e.g., sizing over one million AgNPs by micros-

copy). Therefore, while these conversions may be theoretically

valid, they are mathematically ill-posed and not recommended

(e.g., see ASTM E2490-09). Thus, extreme care must be taken

before a claim about monodispersity can be made using any

single technique, or when comparing results from two techniques

with different bases.

Fig. 3 compares the size distributions of various citrate-capped

AgNP suspensions under pristine conditions by DLS, USAXS,

TEM and AFM measurements, and provides examples of each of

three bases for size distribution. In Fig. 3, the bins have been

adjusted from their typical presentation styles to create size

distribution graphs with bin widths that are equivalent across the

different measurement methods.

Fig. 3a shows the size distributions for AgNPs with a reported

nominal diameter of 10 nm (Sample A, Table 1). The mean

diameter values and relative distributions as measured by TEM,

AFM and USAXS are similar. For the DLS measurements, the

mean hydrodynamic diameter value was larger and the particle

population was more polydisperse, as an additional AgNP

population was detected centered above 100 nm. Although the

nominal diameters for the AgNPs in Fig. 3b–d are 20 nm, the

samples have similar mean values but different size distributions

as measured by AFM. Fig. 3e–h show size distributions for

AgNPs with nominal diameters of 40, 60, 80, and 100 nm,

respectively. For these AgNPs, the AFM measurements indicate

a bimodal distribution with a population of larger particles
This journal is ª The Royal Society of Chemistry 2011
corresponding to the nominal diameters and a population of

smaller particles showing diameters less than 10 nm. In Fig. 3g–h,

nominally the largest AgNP samples, AFM alone detects the

presence of a very small diameter population of AgNPs, whereas

the remaining techniques are in close alignment. The detected

populations of small diameter (<10 nm) particles may have

resulted from the AgNPs dissolving during the unknown total

time between their manufacture and their receipt and imaging.56–58

Alternatively, while it is not known precisely how the AgNPs were

synthesized, seed-mediated growth methods are reported in the

literature,59 and it may be possible that some excess seeds did not

react and were not subsequently removed.

Fig. 3 highlights the advantage and the importance of using

multiple techniques to characterize and report the size of

a nanomaterial. For example, by pairing DLS and AFM,

a comparison of results across techniques improves under-

standing of the material’s actual composition. For example, in

Fig. 3h, assuming from the AFM size distribution that the

population with the greatest number concentration of small NPs

is 100 nm diameter AgNPs with approximately 60% of the

observed particles being less than 10 nm, the difference in DLS

intensity between populations, g, would be on the order of 104.

Similarly, for a case with a narrower bimodal distribution of sizes

by AFM (nominally 40 nm AgNPs, Fig. 3e), approximately 25%

of the observed particles are less than 10 nm and approximately

75% are in a population with an average of 48 nm, resulting in

g on the order of 103. Thus, it is not surprising that DLS detects

agglomeration that AFM misses, and, vice versa, that AFM can

see extremely small AgNPs to which DLS is insensitive. There-

fore, the great benefit of pairing DLS with AFM is revealed.

Also, it is important to note that, for multimodal distributions

of NP size, the average size of all AgNPs observed in a number

distribution may not be the most informative way to report the

size. It is recommended to report the full size distribution

whenever possible. Identification of the mean or mode of each

peak in the size distribution may be more appropriate, as high-

lighted by the distributions shown in Fig. 3 and the mean

diameter values given in Table 1. For example, Sample H

(citrate-capped nominally 100 nm) has two populations in the

AFM size distribution, the first with a mean size of 3.3 � 1.2 nm

and a second (principal population) of 83.7� 8.8 nm. The overall

mean particle size observed by AFM is 39.5� 40.6 nm, a particle

size that does not actually exist in this distribution. Since the

DLS Zavg size is 98.7 � 1.2 nm, if one were to report only the

second population from the AFM size distribution (either

intentionally or unintentionally), the AFM and DLS results

would be in apparent agreement, though omitting a potentially

important fraction of the dispersion. From a biological

perspective, when attempting to assess the risk of a specific size

NP crossing certain biological barriers, or the available AgNP

surface area per unit volume of solution, the small AgNPs in

Sample H may become critical to successful interpretation of

data.

Although beyond the scope of the present work, it is worth

noting that the application of chromatographic separation

methods coupled with size measurement or particle counting

detectors can yield more definitive results with respect to

assessing materials with multiple populations, and can help to

rule out common artifacts. Such approaches include size
J. Environ. Monit., 2011, 13, 1212–1226 | 1223



exclusion chromatograpy,60 dynamic mobility analysis (aerosol

based),43,53 and field flow fractionation.61
Recommendations

The accurate reporting of the size and size distribution of AgNPs

in test media is critical to the successful intercomparison of

reported size results and to the proper interpretation of envi-

ronmental and biological fate assessments. Assigning a value

based on the application of a single measurement technique is

generally not the best approach. Selection of multiple measure-

ment tools that provide orthogonal or complementary size

information (such as hydrodynamic diameter and hard core

diameter) is critical to not only reducing the risk of missing an

observation that may later prove important but also in facili-

tating comparison of reported results. There is currently no one

single technique available that can effectively capture all of the

important and relevant information needed to report NP size and

size distributions. However, the judicious selection of a set of

techniques can be used to validate routine lower-cost and higher-

throughput ‘‘screening’’ characterization. Collaboration between

interdisciplinary expert groups can help facilitate and expedite

this important initial phase of research projects. This routine

screening can be an effective way to assure that multiple prepa-

rations of AgNPs throughout a systematic study have acceptably

minimal variation, and thereby (for example) consistent dosing

of aquatic organisms or cell cultures. Selection of the appropriate

pre-screening techniques depends upon the specific system of

interest, i.e. there is no universal single best measurement method

or combination of methods. However, once a detailed under-

standing is achieved, rational selection of the best approach with

tolerable uncertainties for routine experimental dosing quality

control should become obvious to the practitioner. An example

process flow may be as follows:

1. Apply available orthogonal measurement techniques, both

intensive and routine, to thoroughly characterize materials

initially under experimental process conditions, also checking for

changes over the time-frame of experiments.

2. Identify deviations (changes in size, concentration,

agglomeration state, etc.) that may indicate an unacceptable

change in properties of the material.

3. Identify and determine the minimum number of routine

techniques required to best identify those deviations once base-

line data have been established.

4. Investigate further whenever unexpected results occur

(either through routine AgNP monitoring or the process or test

under development performs unexpectedly).

For example, imagine an assay conducted in a laboratory

reconstituted environmental water system. By characterizing the

NPs to be studied under the exact procedures, conditions, and

times in a detailed fashion before introduction into environ-

mental assays, a collaborative research team may develop a map

of the agglomeration state of the NPs over the time of the

experiment using several techniques. The team might then

determine that UV-vis spectroscopy combined with DLS would

be an acceptable way of routinely monitoring for unexpected

events (e.g., changes in agglomeration state). While experiments

(e.g., aquatic organism toxicity) are running, the actual batches

of NPs used in the environmental media may then be monitored
1224 | J. Environ. Monit., 2011, 13, 1212–1226
ex situ by UV-vis and DLS. If the assay provides anomalous or

unexpected results, or if either the UV-vis or DLS measurements

deviate from baseline values, then the team might investigate the

origins of these results using non-routine approaches.

While the present work has focused more on dimensional

characterization of AgNPs, of equal or greater importance to

many nanoEHS risk assessment models is quantifying the

various species of silver in the system (e.g., AgNP, Ag(I), Ag2O or

Ag2S shell layers on the AgNPs, etc.).57,62 Similar to reporting

size results, great care must be employed in measuring, reporting,

and comparing these chemical results.

Maximum transparency is required in reporting size and size

distributions from multiple orthogonal measurement techniques.

While many journals strive to achieve minimum word counts on

the main text of articles, there are often no such limitations to the

use and length of ESI†. Therefore, the authors recommend

including as many details of the physico-chemical characteriza-

tion of NP stocks as is practically possible in the ESI† of

a manuscript, to both strengthen the quality of the conclusions

drawn and to have a greater impact on advancing the knowledge

of the field. Due to the dynamic, intrinsically unstable nature of

AgNPs that makes them challenging to study, there are experi-

mental details beyond those typically cited in ‘‘minimum char-

acterization’’ lists that may have previously been considered

trivial but should, if possible, be reported in the future, including:

� Size distributions (e.g., histograms) from multiple orthog-

onal measurement techniques.

� Detailed specification of ‘‘stock’’ characterization media and

processing.

� Time elapsed between synthesis, dispersion preparation, size

distribution measurements, and final experiments.

� Identification if different batches were used in initial stability

characterization and final experiments, and batch-to-batch

variation observed in AgNP stocks.

� How routine screening or quality control checks were

initially validated, and subsequently used throughout the studies.

�Duplicate microscopy images representative of those used to

create histograms, one optimized to ensure small NPs (less than 5

nm) were not omitted, and one optimized for the larger

‘‘primary’’ particle size.

Reporting these details routinely will facilitate the intercom-

parison of results across reports, allowing detailed understanding

of what is truly meant by the nominal value of the AgNPs

employed in any given experiment. While in situations with

narrow monomodal size distributions convergence of the mean

size across techniques and conditions should be observed, in our

experience few commercial or laboratory-prepared AgNPs will

actually yield such results.
Conclusion

Detailed reporting of physical characterization of AgNPs using

multiple, orthogonal measurement techniques will facilitate the

intercomparison of environmental risk assessment findings from

different laboratories and improve confidence in results.

Improved sharing of results can contribute to more rapid

understanding of the overall fate, transformations, and potential

hazards of AgNPs in the environment, allowing more confidence

for nanoEHS risk assessment.
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