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Methods to detect, quantify, and characterize engineered nanoparticles (ENPs) in environmental

matrices are highlighted as one of the areas of highest priority research needs with respect to

understanding the potential environmental risks associated with nanomaterials. More specifically,

techniques are needed to determine the size and concentration of ENPs in a variety of complex

matrices. Furthermore, data should be collected at environmentally and toxicologically relevant

concentrations. Both single particle inductively coupled plasma mass spectrometry (SP-ICP-MS) and

asymmetrical flow field flow fractionation (AF4) ICP-MS offer substantial advantages for detecting

ENPs and assessing many of the above parameters in complex matrices over traditional

characterization methods such as microscopy, light scattering, and filtration. In this study, we

compared the ability of two emerging techniques to detect well characterized, monodisperse silver

ENPs and examined their overall applicability to environmental studies specifically with respect to

their: (A) size and concentration detection limits, (B) resolution and (C) multi-form elemental analysis.

We find that in terms of concentration detection limit (both, on a mass basis and particle number basis)

SP-ICP-MS was considerably more sensitive than AF4-ICP-MS (ng L�1 vs. mg L�1, respectively), and

offers the unique ability to differentiate dissolved and nanoparticulate fractions of total metal. With

a variety of optimization parameters possible, AF4-ICP-MS can detect a much smaller NP size (2 nm

vs. 20 nm for SP-ICP-MS), provides the possibility for greater size resolution.

Introduction

Nanomaterials have great potential in both industrial and

commercial sectors, becoming useful products for society either

when used alone or when integrated into larger products (e.g.

consumer goods, foods, pesticides, pharmaceuticals, and

personal care products, among others). The ubiquitous use of

goods containing nanomaterials may compromise the health of

many ecosystems. A number of life cycle assessments concluded

that a significant amount of nanomaterials may enter aquatic

systems in both the United States and Europe.1–3 Metal-con-

taining nanoparticles (NPs) form a particularly prominent

group, specifically Ag NPs, as they are the fastest growing

category of engineered NPs (ENPs). Furthermore, ionic silver

(Ag+) release from Ag NP bearing plastics and textiles may also

be substantial enough to cause considerable concern.4 However,

the potential biological impacts of Ag NPs are not solely due to

their release of Ag+ alone, as NP size,5,6 chemical composition,

surface structure,7 solubility, shape,8 and aggregation9 have been

documented as important factors controlling their biokinetics.

Confounding the issue, the release of Ag+ from Ag NPs is likely

dependent on the given environmental parameters: concentra-

tion of ligands, interactions with organic matter, ionic strength,

and pH.10

Our lack of understanding of potential environmental impacts

of nanomaterials is, in part, due to the difficulties of nanoscale

detection that exist in environmental and biological samples. The

systems are complex and involve heterogeneous matrices, all of

which may contain very low levels of ENPs. There are nearly

universal calls within the nanotechnology community for

improvements in regards to nanometrology, and the need to fill

in many existing knowledge gaps in detection, characterization,

and quantification of nanomaterials. Although there have been

recent strides in the analysis of ENPs in complex matrices,11 the
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most common detection and characterization methods used for

assessing particle concentration and size distributions, namely

microscopy,12 chromatography,13 centrifugation,14 laser light

scattering,15 and filtration16,17 are inadequate for the study of

NPs in complex systems.18 One particular analytical challenge is

distinguishing NPs from other constituents of the matrix such as

natural particles, humic substances, and debris.19 Another

problem is that method detection limits are higher for many

techniques than expected exposure concentrations.20 Differenti-

ating dissolved and nanoparticulate forms of the metal, as well as

possible NP coatings and aggregates, are also key aspects that

should be investigated. Here, we compare and contrast two

methods that address a number of challenges for nanometrology:

single particle inductively coupled plasma mass spectrometry

(SP-ICP-MS) and asymmetrical flow field flow fractionation

ICP-MS (AF4-ICP-MS). Of note, NP shape is also thought to

influence toxicity, but this is a parameter that these methods do

not currently address.

The operation of the ICP-MS instrument in the single particle

mode provides a means of detecting individual NPs. The tech-

nique is outlined in brief here, as several recent publications delve

into the specific methods and theory more completely.21–23

SP-ICP-MS relies on the extremely sensitive elemental detection

capability of ICP-MS, but in contrast to traditional ICP analysis

techniques, thousands of individual intensity readings are

acquired, each with a very short dwell time (�10 ms). When

analyzing an unacidified, NP-containing solution, instead of

measuring elemental concentration representative of the bulk

sample, the intensity readings can be collected as a function of

time, where pulses above the background represent the

measurement of an individual NP. The SP-ICP-MS technique

may enable simultaneous determination both of dissolved metal

concentrations as well as NP concentration and size (to as low as

20 nm), all at very low (ng L�1) concentrations. The technique

requires little sample preparation and little additional method

development for a given matrix and/or analyte. However, the

technique is highly dependent on the signal to noise ratio of

a given ICP-MS, which may significantly hinder analysis of

smaller sized Ag NPs.

Field flow fractionation consists of a suite of high resolution

elution techniques which, depending on the type of field applied

and mode of operation, allows separation and sizing of macro-

molecules, submicron colloids, and particles of 2–100 mm.24 The

separation process is similar to chromatography except that the

separation is based on physical forces as opposed to chemical

interaction. All separation is performed in a thin channel with

laminar flow under the influence of a perpendicular field. AF4

was chosen for this study because it is the most widely used

subset of FFF techniques for environmental analysis and is

highly versatile for a range of both natural and manufactured

NPs. As outlined in Baalousha and Lead,25 the increased use of

flow-FFF can be related to: (i) the wide size range that can be

fractionated either of natural colloids (1–1000 nm) or natural

and manufactured NP (1–100 nm);26 (ii) the ability to change

carrier solutions with respect to pH and ionic strength as to

match the carrier solution with sample composition;27,28 and (iii)

the possibility of both on-line hyphenation to a wide range of

detectors as well as collection of sample fractions for further

off-line analysis.25,29,30 Several reviews have been released touting

the broad range of environmental,31 bio,32,33 and nano-

particle20,34–36 applications for FFF-ICP-MS. Furthermore, the

capability of multi-element analysis is an added benefit when

coupling FFF with mass spectrometry. Though literature is

scarce for engineered nano-specific studies, there is a growing use

of FFF for nanoecotoxicology, with increasing interest con-

cerning characterization methodology for environmental and

biological risk evaluation. Notably, recent studies to characterize

quantum dots37 and NPs38–40 in biological media before and after

exposure, as well as environmental samples,35,41,42 have shown

promising results when using FFF-ICP-MS.

The goal of this present study is to compare the advantages

and limitations of the two techniques. To make the comparison

simple and objective, a list of criteria were made on which to

determine each techniques’ capabilities. These criteria include:

(A) size and concentration detection limit, (B) size resolution and

(C) multi-form metal analysis (such as distinguishing NP vs.

dissolved constituents, NP complexes and aggregates, and multi-

metals analysis). By using well characterized, monodisperse

Ag NPs, we used systematic dilution, mixture analysis (both

multi-size NP and Ag+/Ag NP mixtures), and spiked complex

matrices, to assess the smallest particle size and concentration

determined by each technique, the ability of the techniques to

differentiate between sample constituents, and their abilities to

track NP transformations.

Materials and methods

Materials

Silver nanoparticles (NanoXact) were acquired in sizes of 20, 40,

60, 80 and 100 nm diameters (Nanocomposix, San Diego, CA).

Suspensions were supplied at a nominal concentration of 20

mg Ag L�1 and were stabilized in aqueous 2 mM citrate per the

manufacturer. Accompanying size information (Dynamic Light

Scattering and Transmission Electron Microscopy) verified these

particles to be monodisperse with the nominal sizes being: 20 �

1.9 nm, 40� 3.6 nm, 60� 5.3 nm, 80� 6.8 nm, and 100� 9.4 nm

though further characterization using a disc centrifuge showed

the size of the 100 nm particles to be 91.3 � 0.6 nm with an

associated secondary particle with an equivalent diameter of

109.7 � 0.8 nm.43 Ag NP suspensions were made by diluting the

stock solutions with 18.3 M ohm Nanopure water to final

concentrations ranging from 2 to 500 ng Ag L�1. Dissolved

Ag standards (High-Purity Standards; QC-7-M), used for cali-

bration, were diluted in 1% nitric acid (Optima grade) to

concentrations ranging from 0.1 to 1 mg L�1. This standard was

also used as the dissolved Ag fraction when studying Ag+/Ag NP

mixtures. Bovine serum albumen (BSA; Sigma-Aldrich) was used

for particle stabilization in studies of dissolved Ag complexation

using AF4-ICP-MS.

Methods

Instrumentation – SP-ICP-MS.APerkin Elmer NexION 300Q

was used for single particle (SP) analysis. Operating conditions

were optimized to produce maximum Ag intensity by modifying

the sample introduction rate and changing the nebulizer gas flow.
107Ag was continuously monitored for detection, with integration

dwell times ranging from 0.1 to 20 ms per reading. The length of
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dwell time was found to contribute significantly to the quality of

data, where 10 ms was optimal. Intensity data were recorded

using the ICP-MS software and were exported to Excel

(Microsoft) for data handling and processing.

Instrument calibration was achieved by analysis of a blank and

four dissolved Ag solutions ranging from 0 to 1 mg L�1 with data

collected in the SP mode. The 107Ag intensity of Ag for each

solution was then averaged from the entire length of the stan-

dards analysis (typical times). No internal standard was

employed, as only 107Ag was quantified during the run. To ensure

the absence of significant instrumental drift over time, a single

100 ng L�1 Ag dissolved calibration check standard was run in SP

mode for every ten Ag NP samples analyzed.

Instrumentation – AF4-ICP-MS. For AF4-ICP-MS analysis,

both a Perkin Elmer Elan 6100 and a Perkin Elmer NexIONQ

were used. Standard operating and tuning procedures were used

in maintaining and calibrating the instrument. Only one Ag

isotope was monitored for detection (107Ag), with an integration

time of 2000 ms, alternating with a Bi internal standard (with

a dwell time of 1000 ms), resulting in data being collected at

approximately one reading every 3 s for the entire length of the

fractogram, which depending on experimental conditions,

ranged from 40 to 80 minutes. An asymmetrical FFF, AF 2000

AT, from Post Nova Analytics (Salt Lake City, UT) was used

with a 10 kDa regenerated cellulose membrane, changed

approximately every 25 runs, and with a carrier fluid consisting

of 0.025% FL-70 surfactant and 0.01% sodium azide as an

antibacterial agent. A 100 mL injection loop was used to load

samples onto the channel, and flushed continuously throughout

analysis. The AF4 was directly plumbed into the ICP-MS. The

channel flow conditions allowed direct connection of the AF4

effluent to the ICP-MS nebulizer without a flow splitter. The

AF4 separation conditions varied through method development,

but were predominately a 10 min relaxation period (focusing

step), followed by 40–80 min elution (0.7–1.0 mL min�1 cross

flow and 1.0 mL min�1 detector flow), and a 10 min flush (field-

off, 1.0 mL min�1) between each experimental run.

Data collection, conversion to particle size, and quality of

analysis

SP-ICP-MS. The theoretical basis of single particle detection

has been outlined by Degueldre et al.44–46 with further refinement

and development in several recently published articles21–23 that

discuss specific aspects and applications of the technique. The

fundamental assumption behind SP-ICP-MS is that at a suffi-

ciently short dwell time and low particle number concentration,

a pulse will represent a single particle event. The number of

pulses can be directly correlated to the number concentration of

particles (particle number per volume) and the intensity of the

pulse (i.e. height) can be related to the particle size through

particle mass, by making assumptions about particle geometry.

Converting pulse height to particle diameter hinges on the

calculation of an efficiency factor (h, nebulization/transport

efficiency) for the ICP-MS. This can be measured using a stan-

dard, well-characterized metal NP such as Au NP, where h is the

percentage of detected particles in SP-ICP-MS mode versus

theoretical (calculated) particle number as determined by the

elemental concentration, size, and density. Sizing the unknown

particles then takes several steps (Fig. S1†), where we relate NP

pulse height to NP mass, and subsequently size. First, a calibra-

tion curve is made by plotting concentration versus instrument

response of the dissolved analyte metal. Mass flux is then

calculated by relating the dissolved calibration curve to the

analyte mass that actually enters the plasma during each reading.

Here, we relate signal intensity to a total mass transported into

the plasma in a given dwell time through the transport efficiency

(h) which is instrument-specific. Finally, pulse occurrences are

determined for the NP sample, and individual pulses from this

dataset can be transformed using the mass flux calibration curve

to particle mass, which can then be converted to particle diam-

eter, when assuming a spherical geometry. In this way, a consis-

tent method to size any particle is used even if no monodisperse

standards for the given particle exist.

For all SP-ICP-MS analysis, raw intensity data were plotted as

intensity of pulse versus number of events to create a pulse

distribution histogram. Very low intensity readings were

considered to be instrument background, or, for slightly higher

intensity values, dissolved metal. After background/dissolved

metal was subtracted from the pulse intensity, NPs were sized

using the process previously outlined. Pulses that register at

higher intensities are associated with larger diameter NPs, which

plot with approximate Poisson distribution around a mean as

a function of NP size. Deviation from this shape may be an

indication of particle coincidence in a given dwell time, or

a polydisperse sample set, and thus would require further sample

dilution and characterization to differentiate between these two

occurrences, as will be discussed. Dwell time was optimized by

analyzing both 40 nm and 100 nmAg NP sample (100 ng Ag L�1)

at 0.1, 1, 5, 10, 15, and 20 ms dwell times. Similarity to expected

peak shape, separation from the background, no evidence of

incomplete particle analysis, and blank counts registering at

a low intensity value were considered in choosing the best dwell

time. Finally, the effect of tuning of the ICP-MS to optimize for

a given metal, in this case Ag, on the performance of the SP-ICP-

MS technique was investigated by adjusting ICP-MS parameters

for maximum analyte sensitivity. We then analyzed 100 nm Ag

NP (100 ng Ag L�1) and compared the SP-ICP-MS data with

standard tuning to optimized tuning approaches for Ag NP pulse

intensities.

AF4-ICP-MS. Size fractionation in AF4 takes place in a thin

channel, which is constructed using a polyester spacer (0.25–

0.5 mm) enclosed between two plexiglass blocks, with one porous

block (frit) on the lower side. The laminar channel (tip) flow,

which carries the sample through the system, creates a parabolic

flow velocity profile. A perpendicularly applied fluid cross flow

pushes particles against the lower (accumulation) wall, which

consists of a semi-permeable membrane on top of the lower

ceramic frit. After the sample is injected, a focusing step occurs

and the sample is concentrated near the entrance of the channel.

After a set focusing time, the separation of the particles occurs

during the elution phase of analysis. During the elution, the cross

flow pushes particles against the membrane, while diffusion

causes particles to move away from the wall and into higher

velocity flow. The interplay between these two forces causes

smaller particles to interact with the faster part of the parabolic

This journal is ª The Royal Society of Chemistry 2012 J. Anal. At. Spectrom.

D
o
w

n
lo

ad
ed

 b
y
 U

n
iv

er
si

ty
 o

f 
B

ir
m

in
g
h
am

 o
n
 0

1
 J

u
n

e 
2
0
1
2

P
u
b
li

sh
ed

 o
n
 2

3
 A

p
ri

l 
2
0
1
2
 o

n
 h

tt
p
:/

/p
u
b
s.

rs
c.

o
rg

 | 
d
o
i:

1
0
.1

0
3
9
/C

2
JA

3
0
0
2
1
D

View Online

http://dx.doi.org/10.1039/c2ja30021d


flow, resulting in size dependent elution from the channel. In this

way, retention time can be directly related to particle size where

shorter retention times coincide with smaller particle diameters.

In theory, the balance of these forces can only be changed by

varying the flow conditions or spacer thickness. Due to interac-

tions between the analytes and the membrane, this balance can

also be affected by the membrane composition and/or the carrier

solution composition (surfactant, pH, or ionic strength).

Manipulation of all physical and chemical variables can optimize

fractionation with respect to resolution and sample recovery.

However, presuming all particles in the sample are of regular

(spherical) shape and have equal interaction with the membrane,

the interpretation of the elution profile (fractogram) is straight-

forward. FFF theory or a simple linear calibration from reten-

tion time versus particles of known size (excluding the void peak),

can be used to size all analyte particles that have similar behavior

within the FFF channel.

The AF4-ICP-MS fractograms were evaluated for sample

recovery, reproducibility, absence or minimal height of the void

peak, and distance between void and analyte peaks (retention

ratio), and separation between analyte peaks (resolution). We

determined suitable parameters for the effective fractionation

over the size range of Ag NP of interest in this study, but did not

necessarily find the best possible run conditions, as the complete

optimization of all parameters was not the objective.

Size, detection limit, and resolution experimental parameters

For SP-ICP-MS analysis of size, detection limit, and resolution, 40,

60, 80 and 100 nm Ag NPs were analyzed either individually, or in

mixtures, at concentrations ranging from 2 to 500 ng L�1 (as Ag).

Size detection limit was defined by separation of the NP histogram

from the instrumental/dissolved metal background where the

smallest detectable NP creates a pulse intensity greater than the

mean background intensity plus at least three times its standard

deviation. A concentration detection limit was defined as the lowest

possible mass-based concentration that still produced a clearly

defined histogram for a given NP size. Resolution in SP-ICP-MS

was determined by finding the difference in the histogram means

between the particles of interest, in counts, and dividing by the

average width of the peaks in corresponding units, as seen in the

equation below, where DIr is the separation between peaks (in units

of counts), and wav is the average width of the two peaks. The

resolution itself is instrument dependent, as instrument sensitivity

dictates the pulse intensity for a given NP size, and so with an

increase in instrument sensitivity, there will be a larger intensity

difference between particle sizes.

R ¼
DIr

wav

Amixture of 20 and 40 nmAg NPs, each at 100 mg L�1 (as Ag),

was analyzed by AF4-ICP-MS, at the beginning and end of each

day to ensure that membrane conditions did not change during

the course of the day. This would be noted by a shift in elution

time or a change in peak area (percent recovery). Subsequent

studies on detection limit and resolution were performed using

mixtures of 20 to 80 nm Ag NPs in concentrations ranging from

2.5 to 100 mg L�1. A size detection limit for this technique was

obtained by referring to literature, where particles as small as

2 nm have been sized.25 Amass based detection limit was defined

as the lowest possible concentration that still produced a fracto-

gram where both particles sizes were distinguishable from the

background using a typical injection volume (20–100 mL).

Resolution was determined by determining the difference in peak

maxima, in retention time (seconds), and dividing by the average

width of the two peaks, in similar fashion to the resolution

equation above. The results presented here can be considered

typical of AF4-ICP-MS, but as noted, resolution can be easily

altered by changing flow conditions and physical parameters,

such as spacer thickness.

Multi-form analysis

Determining the effectiveness of differentiating between dis-

solved and nanoparticulate elements in a sample by SP-ICP-MS

was accomplished by varying the concentrations of 0, 50, and 100

ng L�1 of combinations of Ag+ and 100 nm Ag NPs. Once the

determination between dissolved and NP fractions had been

made, each fraction was quantified using the appropriate

procedure. For the dissolved fraction, this was performed via

a direct comparison to the dissolved calibration curve. However,

for the NP fraction, once the mean dissolved background

intensity was subtracted from the pulse intensity, the intensity

was converted to mass by accounting for the transport efficiency,

which subsequently enabled calculations of NP diameter and

mass/number concentrations.

To test the capability of detecting NP surface modifications,

NP aggregation, and dissolved complexes, we performed an

experiment using AF4-ICP-MS, on protein-containing solutions.

Bovine serum albumen (BSA), a protein that has numerous

biochemical applications, was chosen as a surface modifier for

Ag NPs because it is also reported to help disperse and stabilize

NPs in complex media.47 A solution containing 1.5 mg mL�1

BSA was added directly to an Ag NP mixture of 20 and 40 nm

particles, at 100 mg L�1 each, and was allowed to equilibrate for 5

minutes before dilution (1000-fold) with DI water. The samples

were sonicated for 5 min before analysis by AF4-ICP-MS, at 60

min intervals. The NP size was then compared to the daily

standard (unaltered) NP mixture to determine if the BSA had

adhered to the NP surface. Furthermore, association of Ag+ to

BSA was tracked by the increase in small particle size over time.

A comparison of Ag NP aggregation was made between unal-

tered and BSA coated particles.

Results and discussion

Optimization for SP-ICP-MS

Instrument tuning has a clear impact on the sensitivity of

SP-ICP-MS. After tuning optimization, the pulse intensity is

significantly higher for the same 100 nm Ag NP solution

(Fig. S2†). Optimization consisted of tuning the instrument for

maximum sensitivity of 107Ag by adjusting sample introduction

flow rate and increasing nebulizer gas flow rate. The outcome

gave operational conditions that were not necessarily optimal, as

per standard daily ICP-MS tuning, such as higher than normal

oxide levels, but these conditions yielded a significant increase in

sensitivity during SP-ICP-MS analysis, with no apparent

J. Anal. At. Spectrom. This journal is ª The Royal Society of Chemistry 2012
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analytical pitfalls. Additionally, through dwell time optimization

analysis (Fig. S3†), we found that 10 ms dwell times consistently

provided the most accurate results for a variety of sample

concentrations and NP sizes.

Method optimization for AF4-ICP-MS

AF4 generally provides high-resolution separation for NPs, but

there are a number of factors that may compromise separation,

including particle aggregation within the channel and particle

membrane interactions, among others. These factors must be

taken into account during method optimization by choices of: (1)

the carrier solution; (2) the membrane; and (3) the applied field

(cross flow).

To avoid altering NP properties, such as surface charge,

double layer thickness, particle aggregation–disaggregation and

dissolution, the chosen carrier solution should mimic the matrix

in which the NPs are suspended (i.e. pH, ionic strength,

etc.).25,35 A bactericide (such as sodium azide) is a common

addition.48 The two most popular membranes used in AF4 are

regenerated cellulose and polyethersulphone (PES) with

molecular weight cut-offs ranging from 300–10 000 Da. A

choice between these focused on minimizing particle–membrane

interaction and maximizing sample recovery, which generally

occurs by selecting a membrane with same charge as the

particles49 or relying on the surfactant to create uniformly

charged NPs and membrane. In preliminary experiments with

fresh membranes, similar results were observed for a variety of

size cut offs and both membrane compositions. However, the

10 kDa regenerated cellulose gave the most reproducible results

with the longest membrane life at approximately 25 fraction-

ations per membrane, and so was used in all subsequent anal-

yses. The cross flow may be considered the key component of

analysis as it determines the resolution and quality of separa-

tion. The choice of cross flow should be made so that there is

a high percent recovery while still having a good separation

between void and analyte peaks as well as between different

analyte peaks (sizes of particles). As a general rule, high cross

flows are used when separating smaller particle sizes while lower

cross flows are applied when fractionating larger sizes.

SP-ICP-MS and AF4-ICP-MS comparison

(A) Detection limit

(i) Detection limit, NP size. Size detection limit, here

defined as a particle distinguishable as a pulse at least three

times the standard deviation above the background, is highly

dependent on the ICP-MS being used and to the element of

interest (isotopic ratio of mass being measured). To maximize

the applicability of the SP-ICP-MS technique to its fullest

extent, the sensitivity of the instrument itself is paramount.

Newer, more sensitive instruments that have been used for

SP-ICP-MS (Perkin Elmer NexION 300Q, Perkin Elmer Nex-

ION 300D, Thermo X-Series 2) had the ability to detect NPs as

small as 20 nm Ag, as part of the 40 nm particle distribution tail

(Fig. 1), while less sensitive instruments, such as the Perkin

Elmer Elan 6100, could detect no Ag NP smaller than 80 nm.

However, we are undertaking research to develop statistically

based methods to deconvolute smaller sized particles from the

instrumental and/or dissolved metal background.

The many interchangeable parameters and optimization

procedures involved with any FFF method development will

allow for variable run conditions. A highlight of the AF4 tech-

nique is the capability to separate particles within a 10 to 20-fold

size range. The size range (2 nm (ref. 25) to 50 mm (ref. 50)) and

separation capability can be altered by varying flow rates and

operating conditions.29,51,52 The purpose of this study was not to

determine the smallest possible size detectable by the technique

but rather to highlight, in a more general sense, that smaller size

fractions could be detected than by the SP-ICP-MS technique.

Differences in the size detection limits of the two techniques

warrant further discussion. When using SP-ICP-MS, the pulse

registered would be the primary particle size as only the element

of interest is being detected. Pulse integration can lead directly to

elemental mass, so this negates the possibility of determining if

the element is present as an NP bound to larger particles in

solution, adhered to humic substances, or is present as an altered

particle such as Ag2S or AgCl. These are important consider-

ations for environmental studies and somewhat limit the inter-

pretations made by SP-ICP-MS analysis. Conversely, since

separation in AF4 is related to hydrodynamic diameter, the

retention time is based on particle size but may lead to misleading

results if the particles become significantly coated or aggregate

(such as in high ionic strength solution or in the presence of

larger organic particles). Furthermore, interaction with the

membrane may delay particle elution from the channel, and in

this way may be incorrectly sized. As with any sizing technique,

a second form of measurement should be used to ensure correct

measurements were made.

(ii) Dynamic range, NP concentrations. Though both SP and

AF4-ICP-MS rely on the very sensitive nature of ICP-MS, the

applicable concentration ranges for the two techniques are quite

different. In particular, SP-ICP-MS requires very low particle

Fig. 1 Pulse intensity versus particle number (normalized to the highest

frequency) determined by Perkin Elmer NexION 300Q ICP-MS. Each

sized NP gives an average pulse intensity with a distribution around the

mean, with larger diameter particles registering as higher pulses. For the

40 nm Ag NP distribution, particles of approximately 20 nm are

considered the approximate detection limit because lower intensities

blend into the instrumental background counts.

This journal is ª The Royal Society of Chemistry 2012 J. Anal. At. Spectrom.
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number concentrations to avoid NP coincidence. As the number

of particles for a given mass concentration (i.e., ng of nano-

particles per L) increases significantly with decreasing particle

size, it is particularly important to ensure that smaller NPs are

analyzed via SP-ICP-MS at much lower mass-based

concentrations.

Using SP-ICP-MS, one could theoretically detect a single

particle in as much volume of sample as one is willing to pump

through the ICP-MS, though one has to additionally consider

the occurrence of false positives. To make any data meaningful,

however, a sufficient number of particles should be analyzed to

provide a distribution of particle sizes. As a practical matter, it

is useful to define a minimum percent of readings that should

contain a NP to enable the development of a NP size distri-

bution. Similarly, a maximum percent of readings is useful to

ensure, or at least minimize, the likelihood of NP coincidence.

As an illustration of this, we determined an approximate

concentration detection limit of 2.5 ng L�1 for 40 nm Ag NPs

(Fig. 2A), or approximately 7.11 � 106 particles per L, which is

in line with other studies.23,43 With a standard data collection

time of 120 seconds (ttotal), a dwell time (dt) of 0.01 seconds per

reading, and instrument settling time of approximately 0.0001

seconds between each reading, the total number of readings

(events) collected is 11 770. The number of readings containing

pulses corresponding to NPs is the product of the particle

number concentration of NPs (Np; particles per L), the

sample flow rate (qliq; L s�1), ttotal, and the transport efficiency

of NPs in the particular ICP-MS system (hn; unitless). When

combined, the fraction of readings, f(p), that should contain

NPs can be calculated as:

f ðpÞ ¼
readings containing NPs

total readings
¼

Npqliqttotalhh

ttotal=dt

Using the typical values of ttotal and dt listed above, a 5%

transport efficiency, a typical flow rate of 1 mL min�1, the frac-

tion of readings that should be particles is approximately 5.92%.

Using this, we can then theoretically determine the concentration

based detection limit for other particles sizes. For example, under

these same conditions, the detection limit of 100 nm particles

would be approximately 40 ng L�1. This is, of course, for simple,

monodisperse systems. To avoid coincidence in polydisperse

samples and not degrade the quality of distribution obtained

from SP-ICP-MS analysis, one could analyze the sample for

a longer period of time so as to capture enough NP pulse events

to populate a statistically significant distribution. Additionally,

increasing the particle transport efficiency will increase the

sensitivity of the SP-ICP-MS technique.

As SP-ICP-MS is primarily a particle counting technique, there

are instances where a sample contains too many particles. Under

these circumstances, multiple smaller particles enter the plasma

during one dwell time resulting in fewer, larger pulses, equating to

particles of larger size. The upper dynamic range will be dictated

by the likelihood of coincidentNPs entering the plasma and being

detected as a single particle. This is illustrated inFig. 2B, the 40 nm

particles at 100 ng L�1 are too concentrated (resulting in a large

Fig. 2 (A) Dilution scheme of 40 nm Ag NP, using SP-ICP-MS, with approximate detection limit of 2.5 ng L�1. (B) 40 and 100 nm Ag NP mix.40 nm

particles at 100 ng L�1 are outside SP-ICP-MS dynamic range, observed coincidence of particles. The 40 nm at 25 ng L�1 and 100 nm particles are within

the acceptable range for the SP-ICP-MS technique.

J. Anal. At. Spectrom. This journal is ª The Royal Society of Chemistry 2012
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coincidence of particles), while they are sized correctly when

analyzed at 25 ng L�1. While we are not suggesting a hard upper

bounds to the percent of readings at this time, it should be noted

that the amount of coincidence instances will increase as the

fraction of readings that contain particles rise. The extent towhich

this is acceptable candependon the type of sample being analyzed,

and to the degree of precision one prefers to know the particle

distribution. Nonetheless, as long as the fraction of readings

containing NPs is approximately 5% of the total readings, one

should be able to collect sufficient data to develop an appropriate

size distribution as well as minimize the probability of NP coin-

cidence. As an illustration of the importance of NP size in deter-

mining this maximum fraction of readings, Fig. 2 also shows

correctly sized 100 nm particles run at 200 ppt, which is within the

correct dynamic range. Note that these ‘‘100 nm particles’’ were

analyzed using differential centrifugation and found to be 90 nm,

with a secondary associated particle of 110 nm, and so are sized

correctly through this technique.

The dynamic range, as calculated above, should guide one in

analyzing unknown samples. For unknown samples where NP

size and concentrations are initially unknown, determining the

appropriate dynamic range for SP-ICP-MS is somewhat prob-

lematic. However, one could determine if the particle number

concentration is too high through serial dilution of the sample.

With dilution, if the shape of the particle histogram changes with

concentration (as illustrated in Fig. 2B, 40 nm particles), then

coincidence is likely occurring at the higher concentrations.

Conversely, if the sample was truly polydisperse, the histogram

should retain its general shape, though the number of events

would decrease proportionally with dilution.

With AF4-ICP-MS, analyzed with an injection volume of 100

mL, the detection limit is a much higher mass concentration, at

approximately 5 mg L�1 (Fig. 3). This is mainly because of the

dilution that takes place within the AF4 channel during sepa-

ration. It is noted, however, that in the given example, a shorter

than optimal relaxation time was used, which explains a large

amount of NPs eluting in the void (first) peak of the fractogram.

By decreasing the elution time, at the sacrifice of resolution, the

degree of dilution could be reduced. Other methods of FFF

operation, such as post-channel concentration (split flow) or

large volume sample introduction (on-channel concentration)

may provide a more sensitive analysis, with some studies showing

successful characterization with concentration factors as high as

105 achieved.53 Although AF4 is subject to overloading effects

like any other analytical separation method, it is highly unlikely

that this upper limit for particle concentration would be reached

when dealing with NPs in environmental systems.

(B) Resolution. The resolution of the SP-ICP-MS technique

is fixed by the sensitivity of the ICP-MS instrument, although

tuning plays a role as previously described in the discussion of

detection limit. Since the pulse intensity generated from the

detection of the NP is directly correlated with the NP mass, the

differentiation between two differently sized NP is dependent on

the ICP-MS detector sensitivity. Furthermore, the resolution

between particles is not linear with NP diameter, but rather, with

NP mass. The total mass of smaller diameter NPs are more

similar than larger diameter NPs. In this way the resolution, in

theory, will be better for a larger set of particles, i.e. 60 and 80 nm

particles would confer better resolution than 40 and 60 nm

particles in a given solution. However, this is assuming that

the particle distribution for each size is similar, which may not be

the case. In Fig. 4, we show good resolution (R ¼ 0.702) between

the 40 and 80 nm particle mixture (panel A), yet the 60 and 80 nm

particles mixture (panel B) was not as well-resolved (R ¼ 0.492)

due to the breadth of the 80 nm particle distribution. These

mixtures of equal particle number (7.11 � 107 particles per L),

correspond to 25 ng L�1, 85 ng L�1, and 200 ng L�1 for 40, 60, and

80 nmNPs, respectively. When analyzing a mixture of these three

particle sizes, and decreasing the concentration of each NP

constituent to 3.55 � 107 particles per L to keep the total particle

number within the dynamic range of the SP-ICP-MS technique,

similar resolution is achieved between the 60 and 80 nm (R ¼

0.499) as the two-particle mixtures (Fig. 4, panel C), with good

resolution between the 40 and 60 nm particles (R ¼ 1.05).

For AF4-ICP-MS analysis there is a linear relationship

between NP diameter and retention time so there is no differ-

ential resolution improvement due to size as with SP-ICP-MS.

However, as discussed previously, there are a multitude of

choices that will directly affect the separation quality in the AF4

channel (Fig. 5). For example, when analyzing 20 and 40 nm

particles of equal concentration, although peak breadths at 1 mL

min�1 cross flow, 1 mL min�1 detector flow are narrower, the run

conditions 1.25 mL min�1 cross flow, 0.5 mL min�1 detector flow

provide superior resolution. For the present study, conditions

were chosen to be able to achieve nearly baseline resolution for

20 and 40 nm Ag NP for comparison to SP-ICP-MS, with 1 mL

min�1 detector flow and 0.7 mL min�1 cross flow. This mixture

was also used as a daily standard to test membrane quality and

flow conditions, resulting in our ‘‘standard run conditions’’

resolution of 1.13. This resolution is slightly reduced when

analyzing a mixture of 40, 60, and 80 nm (40 : 60 mix R ¼ 0.876;

60 : 80 mix R ¼ 0.744) particles of equal concentration (20

mg L�1, each constituent) shown in Fig. 6, where the cross flow

was increased to 1 mL min�1 to account for particle sizes being

more similar. In contrast to SP-ICP-MS, each analyte peak can

be quantified individually through the increased resolution.

However, it is noted that the increased breadth of the 80 nm

Fig. 3 20 and 40 nm Ag NP mix dilution scheme with AF4-ICP-MS,

detection limit approximately 5 mg L�1. ICP-MS: Perkin Elmer 6100.

Cross flow 0.7 mL min�1, detector flow 1 mL min�1.

This journal is ª The Royal Society of Chemistry 2012 J. Anal. At. Spectrom.
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peak, in relation to the other particle sizes, is maintained from

the SP results. Furthermore the decrease in recovery with particle

size is not unusual in AF4 analysis.

(C) Multi-form analysis

(i) Dissolved versus NP constituents. For differentiating

dissolved from nanoparticulate elements there is a clear advan-

tage in using SP-ICP-MS over AF4-ICP-MS, as any dissolved

constituent moves through the membrane and cannot be quan-

tified in the latter technique. However, distinguishing between

dissolved background and NP pulses in SP-ICP-MS is not

a trivial task. We have suggested in previous work,21 using an

iterative algorithm to qualify a NP pulse as at least three sigma

above the dissolved background. Although this method may still

be theoretically valid in some instances, we found that with more

sensitive instruments pulses correlating to NPs register at higher

intensities and therefore skew the distribution of readings so that

the three sigma qualification to register a pulse as a NP is set too

high, and NPs are therefore incorrectly classified as background.

In these circumstances, the iterative method is abandoned and

the raw data are plotted as pulse intensity as a function of pulse

number, where any values below the first minimum in the

histogram were considered background/dissolved constituent,

and values higher than the first minimum were considered NP

pulses. It is noted, however, that the term dissolved metal is used

operationally in this context to refer to both Ag+ and any Ag NP

that is smaller than can be distinguished as a NP by the SP-ICP-

MS method at this time.

The concentrations of Ag+ and NP can be independently

quantified in a given sample. An increasing concentration of Ag+

can be recognized by an increase in intensity of the lower

intensity counts. Once the dissolved Ag is distinguished from the

Ag NP pulses, the background intensity can be directly

compared to the calibration curve to quantify the concentration

of dissolved metal in the sample. In solutions containing both

dissolved and Ag NPs, the Ag-NP pulse would register as the

summation of Ag+ background and Ag–NP pulse intensities, i.e.

Fig. 4 Detection of Ag NP mixtures using SP-ICP-MS. Equal particle

number (7.11 � 107 particles per L, panels A and B) for each constituent.

Mixtures of 40 and 80 nm particles (A), and 60 and 80 nm particles (B),

conferring a resolution of 0.702 and 0.492 respectively. (C) Equal particle

number mixture (3.55� 107 particles per L) of 40, 60, and 80 nm particles

with similar resolution to the two particle samples.

Fig. 5 Change of flow conditions changes resolution between particle

sizes, here 20 and 40 nm Ag NPs. Run conditions can be chosen so that

peak breadth is smaller, or better resolution achieved, depending on

experimental needs. ICP-MS: Perkin Elmer 6100.

Fig. 6 Mixture of 40, 60, and 80 nm Ag NPs (20 mg L�1, each constit-

uent), with flow conditions of 1 mL min�1 detector flow and 1 mL min�1

cross flow. ICP-MS: Perkin Elmer NexIONQ.

J. Anal. At. Spectrom. This journal is ª The Royal Society of Chemistry 2012
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the intensities are additive. Since the increase of dissolved metal

not only presents itself by increasing the background concen-

tration at low counts, but also by shifting the NP pulses to higher

intensities, Ag–NP can be correctly sized only after subtracting

the background intensity from the Ag–NP pulse intensity before

sizing. In Fig. 7, we show the addition of increasing Ag+ (0, 50,

and 100 ng L�1) to 100 nm Ag NP (100 ng L�1). As the dissolved

constituent increases, we note the background moves to pro-

portionally higher intensities. In addition, the NP histogram

shifts to higher intensities as well. As shown in Table 1, regardless

of any increase in Ag+ background, the adjusted pulse intensity is

the same in each analysis, and so the NP can be independently

sized regardless of Ag+ concentration in the sample. Again,

keeping in mind that nominal ‘‘100 nm particles’’ were deter-

mined to in fact be 90 nm, SP-ICP-MS is apt to adequately size

these Ag+/Ag NP mixtures.

(ii) NP complexes. The AF4 technique has an advantage

over SP-ICP-MS when studying small sized complexes or,

possibly, for the study of NP aggregation. In a 20, 40 nm Ag NP

mixture (100 mg L�1) dispersed in DI water, we were able to detect

surface modifications to Ag NPs with the addition of BSA to

solution (Fig. 8). We noticed an initial increase of particle

diameter (approximately 5 nm) from the daily standard (20, 40

nm Ag NP mixture in DI water, yellow trace) in the first analysis

of Ag NP coated with BSA (red trace). Analysis over the

following hours (green and purple traces) showed the slight

dissolution of NP, indicated by the decrease in particle diameter.

The freed Ag+ released from the NP was subsequently complexed

to the excess BSA in solution, as evidenced by the increasing

formation of small sized particles (first peak) over time. In this

way, we were able to quantify protein bound free silver ions in

solution.

(iii) Multiple metals analysis. By design, SP-ICP-MS is best

suited to analyze one metal at a time in an individual NP.

Therefore, multiple metal analysis is not preferable, at least not

in one run. However, the capability of multi-metal analysis by

spectroscopy is an added benefit when combined with the

continuous fractionation of AF4. The resultant hyphenation of

AF4-ICP-MS provides nanoparticle sizing, detection, and

compositional analysis capabilities at the parts per billion level,

which is critical to environmental and toxicological investiga-

tions of nanomaterials. Furthermore, an increased knowledge

about size-dependent variations in composition and trace

element interactions may interest those working in areas

Fig. 7 Binned pulse intensity versus frequency for addition of dissolved Ag+ and 100 nm Ag NP mixtures. Left panel depicts increasing background

concentration, right three panels show increasing pulse intensity for the 100 nm Ag NPs with increasing background intensity, where grey bar indicates

median particle number.

This journal is ª The Royal Society of Chemistry 2012 J. Anal. At. Spectrom.
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concerning methods for characterization of NP interactions in

risk evaluation. This advantage is highlighted particularly well

by Pace et al.,37 in a nanoecotoxicity study.

Advantages and limitations of using SP-ICP-MS in NP

characterization

As primarily a counting and sizing technique, the main advan-

tage of SP-ICP-MS over other techniques is its high sensitivity.

Size and particle number data can easily and accurately be

obtained at sub-mg L�1 concentration levels for a variety of

metallic NPs. Furthermore, the technique can differentiate the

particle of interest from other incidental particles of the same

size, but different composition, by its element specificity. This is

true even in complex systems. Distinguishing dissolved from

nanoparticulate constituents of a given metal is another distinct

advantage of SP-ICP-MS. Additionally, SP-ICP-MS can provide

better resolution than many of the currently available instru-

ments for sizing, especially when considering the environmen-

tally relevant concentrations at which the method operates.

From a practical standpoint, the data collection parameters are

similar to traditional ICP-MS operational procedures and so

require little additional training. Furthermore, as SP-ICP-MS

utilizes a relatively standard laboratory instrument and no

additional equipment, laboratories would not incur extra costs in

performing this type of analysis. On the other hand, presently,

the smallest detectable particle may be larger than many particles

of interest and so may exclude this technique as a viable option

under some experimental conditions. However, efforts are

currently underway to deconvolute smaller sized NP from

background intensities. Certainly, SP-ICP-MS is a promising

technique for nanoparticle metrology that has the ability to

address many of the current analytical challenges that are faced

in characterizing nanomaterials in a number of complex matrices

including environmental, biological, and food samples.

Advantages and limitations of using AF4-ICP-MS in NP

characterization

Since its conception, the development of field flow fractionation

has progressed to have numerous applications that demonstrated

the versatility of the technique, yet until recently had not found

widespread use for quantitative environmental applications.

Today, researchers in the fields of nanoscience, nanotechnology,

and biotechnology are eager to try new metrologies and analyt-

ical methods that can size particles in the range and with the

precision that FFF can perform. AF4 can detect very small

particles over a wide size range, with superb resolution, and when

coupled to ICP-MS has element specific capabilities, including

mixed metals analysis. The ability to detect small size changes

allows one to validate coating thickness on the surface of NPs as

well as determine the extent of complexation and aggregation of

NP in a variety of matrices. However, the lengthy method

development process and extra cost may be a drawback to some

laboratories. The detection limit, although improved with the

hyphenation to ICP-MS than with previous couplings such as

UV-VIS, DLS, or fluorescence detectors, is high due to the

dilution that takes place within the channel. Some concentration

techniques may be applied either before analysis or by loading

the channel, yet this is beyond the scope of the present study.

Nevertheless, FFF (and consequently AF4-ICP-MS) has become

more of a mainstream analytical technique for separating and

characterizing analyte species for physiochemical changes for

many particles, including NP. This will, in time, provide the

method development and method refinement necessary for

making the implementation of FFF a less time consuming task.

Conclusions

There is a need to determine NP behavior, aggregation,

complexation, and dissolution because different fate and trans-

port predictions for environmental and biological effects depend

on the NP state when exposure occurs. It is unlikely that NPs will

remain as they were when manufactured during their entire

lifecycle (creation, use, transport, final fate).54 The trans-

formations that occur, as well as when and under what condi-

tions they occur, should be evaluated so as to enable the

appropriate human and ecological risk analysis. Here, SP-ICP-

MS and AF4-ICP-MS were able to describe a number of NP

properties that are specifically relevant to environmental and

Table 1 Adjustment of background correction to NP pulse intensity to correctly size Ag NP with increased concentrations of dissolved Ag

Sample
Average background
(count)

Concentration
(ng L�1)

Avg NP pulse
intensity

Background corrected
pulse intensity

Calculated
diameter (nm)

0 ng L�1 Ag+; 100 ng L�1 100 nm NP 6 � 2.3 6.3 459 453 83 � 12.9
50 ng L�1 Ag+; 100 ng L�1 100 nm NP 44 � 7.5 53.2 502 458 82 � 13.2
100 ng L�1 Ag+; 100 ng L�1 100 nm NP 78 � 10.8 94.5 561 483 84 � 16.1

Fig. 8 AF4-ICP-MS fractogram depicting daily 20 and 40 nm Ag NP

standards in DI water (yellow trace). Coating of Ag NP with BSA (blue

trace) and subsequent dissolution of Ag NP and tracking of accumula-

tion of protein bound Ag+ (red, green, and purple traces).
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toxicological studies, such as size, concentration, associated

dissolved constituents, coatings, and complexation. However,

each technique has specific strengths, which prove valuable for

defining a given set of NP characteristics, as well as limitations

that are inherent to each technique.

Future development in the areas of SP-ICP-MS and AF4-ICP-

MS

For those in the nanotechnology community, there are many

current knowledge gaps in regards to the release, environmental

transformation, and potential toxicity of engineered NPs. New

analytical techniques are under development that will enable

more rapid, sensitive, and specific detection for an array of these

products, both in the lab and in more complex field and bio-

logical samples. Many of the method details of SP-ICP-MS have

been developed so that, at least, researchers can now use the

technique to be implemented beyond the laboratory and should

now focus on application to real world samples. To strengthen

SP now, a more sensitive ICP-MS, such as the single element

sector field HR-ICP-MS, may enable detection of smaller sized

NPs.11 Development of time-of-flight (TOF-ICP-MS) could

overcome the current SP-ICP-MS limitation of only single

element detection. There has been suggestion of coupling

SP-ICP-MS with chromatography-like techniques, such as FFF,

as well as hydrodynamic chromatography, to pre-sort constitu-

ents of complex samples. Although there is a large dilution factor

with FFF separation, this is not a concern for SP-ICP-MS as

dilute samples are a prerequisite for analysis. Indeed, as a stand-

alone technique or coupled to FFF, SP-ICP-MS shows partic-

ular promise in the field of nanometrology, both for manufac-

tures of nanoparticles and nanoproducts to conduct quality

assurance tests, and as the demand to characterize more complex

and varied samples arise in the quest to determine the environ-

mental and biological impacts of nanotechnology.
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