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ABSTRACT

Nanoparticle (NP) determination has recently gaicedsiderable interest since a growing number of
engineered NPs are being used in commercial predkg a result, their potential to enter the
environment and biological systems is increasimgthis study we report on the development of a
hyphenated analytical technique for the detectimhcharacterization of metal-containing NPs, heirt
metal mass fraction, size and number concentratitydrodynamic chromatography (HDC), suitable
for sizing NPs within the range of 5 to 300 nm, waspled on-line to inductively coupled plasma mass
spectrometry (ICPMS), providing for an extremelyes@ave and sensitive analytical tool for the
detection of NPs. However, a serious drawback wdpsrating the ICPMS in its conventional mode is
that it does not provide data regarding NP numbecentrations, and; thus, any information about the
metal mass fraction of individual NPs. To addrdss timitation, we developed single particle (SP)
ICPMS coupled on-line HDC as an analytical approsstable for simultaneously determining NP
size, NP number concentration and NP metal con@uoitd (Au) NPs of various sizes were used as the
model system. To achieve such characterizationiecegtihree calibrations were required and used to
convert ICPMS signal spikes into NPs injected, emtion time on the HDC column to NP size, and
ions detected per signal spike or per NP to metatent in each NP. Two calibration experiments were
required in order to make all three calibrationlsoi contour plots were constructed in order tovjp®

for a convenient and most informative viewing ofstlilata. An example of this novel analytical
approach was demonstrated for the analysis of As-fiBt had been spiked into drinking water at the
ng Au L level. The described technigqgave limits of detection for 60 nm Au-NPs of appnoately

2.2 ng Au L* or expressed in terms of NP number concentrati®® Au-NPs mL'. These were
obtained while the 60 nm NPs exhibited a retentiioye of 771 sec at a mobile phase flow rate of 1 mL

min™.



INTRODUCTION

Because of their unique physicochemical propertiesiomaterials are finding use in an increasing
number of consumer producté? Silver (Ag) nanoparticles (NPs) have already bieéduced in over
100 products, ranging from nutritional supplemepersonal care products, biocide coatings, clothing
toys as well as dispersed biocides in washing masfi?®’ Other nanomaterials, including TiCZnO,

Au, CeO, carbon nanotubes and fullerenes, are fiurrdwide range of consumer produtiRecent
reports show over 1300 consumer products contajimeared nanomaterialsThis, of course, is very
attractive to consumers as products with uniquegntees and improved quality are continuously
becoming available. In fact, such developmentshamgng that a nanotechnology based revolution is
rapidly approaching.

The increasing use of nanomaterials, however,nemgging urgent and important questions regarding
their fate and potential effect on the environmend living organism&? To address such questions
numerous analytical techniques and methods have teecloped and applied to provide information
on a wide range of nanomaterial characterizatiotriose More specifically, size distribution as it
relates to nanoparticle (NP) diameter is measusaugunicroscopic techniques [i.e. scanning electron
microscopy (SEM), transmission electron microscofyEM), and atomic force microscopy
(AFM)],*>*12 dynamic and static light scattering techniques $Dand SLS§*** NP tracking
analysist> and separation techniques including field-floncfian (FFF)® capillary electrophoresig,
ion mobility spectromet’l and hydrodynamic chromatography (HDT)Another size distribution
characteristic, related to NP mass, and not NP efiam can be measured using sedimentation®#FF.
Additional relevant characterization metrics in@udanomaterial surface properties such as specific
surface are€d and surface charffe Nanomaterial or NP shape measurements are inmpartanany
cases and can be carried out using SEM, TEM, AFMS @nd FFE® Ultimately, however, NP
concentrations need to be determined in a variebample types, and even though a strong analytical
arsenal has been developed for their charactesgatritical limitations still exist. Most importd,

methods are needed for the detection and charzatien of NPs in environmental samples, in which



case NPs, if present, are at extremely low conaBairs in complex sample matrices. This necessitate
extensive sample preparation prior to the use ddtieg analytical techniques, e.g. matrix removal
and/or NP preconcentration. However, this is naheut difficulty as sample pretreatment may cause
formation of NP artifacts as a result of aggregatamd/or losses. Thus it is imperative to develop
analytical techniques that are suitable for addingsthese critical limitations in order to detedPNin
environmental and biological samples, at conceptratthat are relevant to those specific samplegyp

In an effort to achieve this, Tiedet al. have recently demonstrated the developieand
applicatio* of hydrodynamic chromatography (HDC) on-line wiitlductively coupled plasma — mass
spectrometry (ICPMS) for detecting and studying bledavior of metal-containing engineered NP in
complex environmental matrices. It was claimed thatutilized HDC column is suitable for sizing NPs
within the range of 5 - 300 nm. Other attractivatiees include rapid analysis time (typically <1m
and minimum requirement for sample pre-treatmehéseg features, in combination with the selectivity
and sensitivity of the ICPMS detector, make HDOCPMS a powerful and promising technique for

12° concluded that

investigating the fate of a significant range of NPes. In their paper, Tiedst a
“this approach offers a robust, novel, complemgnt&chnique, suitable for the routine size and
elemental characterization of inorganic engine®&Bd in environmental fate and ecotoxicity studies”.
However, this promising approach still has disatlvges that require further investigation and
improvement. In particular, even though hyphenategthods, like HDC — ICPMS, are suitable for
providing both metal content and size distributiofiormation of the analyzed NPs in relatively
complex samples, they have not been demonstratptbtade NP number concentration information.
This is a serious drawback as the approach caristimglish between a high concentration of NPs,
each containing a small fraction of metal, fromosav Iconcentration of the same sized NPs each
containing a high metal fraction. For example, ARBS\with a 40 nm diameter cannot be distinguished
from 40 nm organic NPs each containing traces af lAufact, no information regarding NP number

concentration can be obtained, as the approach alidys for the determination of total metal

concentration and patrticle size.



To address this drawback, we have investigatedsbeof single particle-ICPMS (SP-ICPMS) on-line
with HDC. The use of SP-ICPMS, without any on-lictromatographic coupling, has recently been
demonstrated to be suitable for simultaneouslyrdeteng the concentration of metal-containing NPs

272829303 5\wever, unless coupled with size

and measuring the metal mass in individual RiP&
separation, it is not suitable for determining $iee of NPs unless their element composition istkno
A related technique was originally developed torabterize airborne particulatés®® and was later
adapted for characterizing zirconia collofdsthorium oxide?® and Au particles. Recently, the
technique was applied to characterize Ag NPs inicipal waste watef® and preliminary results of the
technique coupled with flow-FFF have been preséftédso recently, SP-ICPMS was used to detect
Au-NPs collected from an ion mobility spectrometer.

In addition, in the present study, we have evatliite capabilities of SP-ICPMS to provide improved
sensitivity and limits of detection (LODs) when gted on-line with HDC. In fact, Tiedet al’® while
presenting chromatograms of NP solutions with rifgntetal concentrations, reported LODs of a few

1g Au L, thus not addressing the need to detect NPs iatathiéicipated ng I concentration level. To

develop HDC — SP-ICPMS we have used Au NPs as tduehsystem.

Experimental
Materials

Gold (Au) nanoparticles of several different sizesre used. Glass ampoules (5 mL) containing
citrate-stabilized Au nanoparticles in aqueous sasn, having nominal diameters of 30 and 60 nm,
were obtained from the National Institute of Stadda& Technology (NIST). These are labeled by
NIST as Reference Materials 8012 and 8013, resfagtiEach Reference Material (RM) is provided
with a Certificate of Investigation providing patg size (diameter) measurements, obtained using a
series of independent analytical techniques, itemig force microscopy (AFM), scanning electron
microscopy (SEM), transmission electron microscdp¥M), electrospray - differential mobility

analysis (ES-DMA), dynamic light scattering (DLS)dasmall-angle x-ray scattering (SAXS). NIST



RM 8013° is reported to have a Au mass fraction of 51.8664 g g, with a nominal diameter of 60
nm. The average diameter calculated by taking adcount all measurements reported in the NIST
8013 certificate of investigation is 55.4 nm. NIBM 8012’ has a Au mass fraction of 48.17 + 0.33 pg
g', and a nominal diameter of 30 nm. In this case, alierage diameter calculated by taking into
account all measurements reported in the NIST 8@tiHficate of investigation is 26.8 nm.

Aqueous suspensions of citrate-stabilized Au NRk winominal size of 80 and 100 nm used in this
study were obtained from Corpuscular (Microsphétasospheres, Cold Spring, New York, USA).
Mobile Phase

A mobile phase consisting of 10 mM sodium dodecylase (SDS) solution adjusted to pH 11 was
used throughout this study. The mobile phase wiseded at 1.0 or 1.6 mL mih
Instrumentation and System Configuration

ICP-MS analyses were performed on a 7500ce (Agiteanta Clara, CA), with an upgraded 7500cx
lens system. HDC-SP-ICPMS experiments were conduagng a hydrodynamic chromatography
column (5-300 nm size range, Polymer Laborator&wopshire, UK) with a 100DM syringe pump
(ISCO, Lincoln, NE). Samples were introduced vid@0 pL loop on a Rheodyne injection valve.
Column effluent was introduced directly into a \bgve nebulizer situated on a double pass Scotyspra
chamber.

Data analysis was conducted using Excel spreaddiMietosoft) and Origin 8.5 (OriginLab)

software.

Results and Discussion
Switching from HDC - conventional mode-ICPMS to HBEP-ICPMS for Au-NP Detection

The coupling of HDC on-line with conventional ICPNASd its application to investigate the behavior
of NPs spiked into environmental matrices has régebeen reported®?* In these studies the
hyphenated technique was demonstrated to offeraleadvantages for detecting and studying NPs in

environmental matrices. However, some critical tafions remain, most notably the technique’s



inability to determine NP number concentrationha tinalyzed sample, i.e. number of NPs per sample
volume. In addition, it remains to be demonstrafethe technique has the required sensitivity to
provide limits of detection in the low ng metal bf sample (ppt) concentration level, as well asdpe
suitable for detecting as low as a few hundred MPsach injected sample. Thus, such analytical
capabilities must be further developed, if the teghe is to be of practical use for NP analyses.

Typically, when operating various types of liquidrematography on-line with ICPMS for metal
speciation analysis, ICPMS detector dwell timeggeafrom 100 - 500 ms for each isotope monitored.
Such dwell times allow for the recording of a stifint number of data points across a 20 to 60 s
chromatographic peak and provide adequate sigrabig®e ratios for most metal speciation application
requiring detection at the pg'Lconcentration level. We refer to such monitoringiditions as
conventional mode — ICPMS. When used on-line witbCHto detect Au-NPs, conventional mode
demonstrates some critical limitations. More speaily, when using HDC — ICPMS with a detector
dwell time of 200 ms to monitor a single isotope, m/z 197 for Au, for the analysis of two solago
containing 30 nm or 200 nm Au NPs, the two supeosepl chromatograms shownhkigure 1 were
obtained. First of all, from these chromatogramssiobserved that the resolution of HDC is not
sufficient to completely separate these two diffieiszed Au-NPs. This is to be expected as HDC is a
relatively low resolution separation technigivevertheless, the recorded chromatographic peaks, i
their peak area, give us information about the arthofiAu present in the injected sample. In additio
the observed NP retention time)(provides information about the size of the detédiiPs, as elution
in HDC depends only on NP siZéHowever, because we do not have information abunumber
concentration, the size information in combinatwith the Au concentration does not provide further
insight into the Au mass fraction of the NPs. Thusportant NP characterization metrics, i.e. NP
number concentrations and their Au mass fracti@tage determination when using conventional
mode-ICPMS.

In Figure 1 it is also observed that the larger 200 nm Au Bffsrd a chromatographic peak profile

with numerous signal spikes superimposed upom itohtrast, this is not observed for the smaller 30



nm Au NP chromatographic peak. The occurrence griasispikes can be explained by the fact that
when the larger 200 nm NPs atomize within the passach NP produces a significantly greater
number of Au ions in the resulting “ion cloud” thao the 30 nm Au NPs. Therefore even a slight
variation in the number of Au NPs entering the plagper dwell time will produce substantial intepsit
variations, i.e. resulting in the observed spikihgrger NPs are expected to produce larger signal
spikes. Because NP-containing solutions are sugpenef solids in liquid, the occurrence of vaais

in the number of NP entering the plasma per dwek ttannot be avoided.
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Figure 1. Superimposed HDC — conventional mode — ICPMS chtognams for solutions containing 200 nm and 30 rum\#s, at 400
ng Au mL* and 50 ng Au mt, respectively. Acquired using a 200 ms dwell tiimem/z 197, and a mobile phase flow rate of 1 mih'm
1

To overcome such limitations and be able to deieditvidual NPs as they elute from the HDC
column, we switched from conventional ICPMS to 8MS. For the latter mode of detection, the
dwell time is set so that only a single NP is dietéger dwell time by the ICPMS. This is possibje b
injecting sufficiently dilute samples, so that whigre NPs elute from the column and the eluent is
nebulized it produces an aerosol in which only alsfnaction of aerosol droplets contain single Au-
NPs, with the remaining droplets being void of ABS\l The ICPMS can detect a single Au-NP because
as the particle travels through the plasma it@asnited and to some extent its atoms are ionizedn Ea
plume of ions or the “ion cloud” enters the masscgmmeter over a period of approximately 0.5

ms3°*° To capture and record the signal event from tissrdte plume of ions, it is necessary to use



short detector dwell times. A dwell time of 10 masaused in the present study, as this was the fowes
the instrument would efficiently allow for. Similatwell times have been used in several other SP-
ICPMS studie$® " *'As a result, each discrete ion plume originatirgrf a single NP is expected to
give rise to a signal spike, the intensity of whistproportional to the mass of Au in the detedi#
However, if shorter dwell times were possible thisuld reduce the chance of detecting multiple NPs
per dwell time. Also, shorter dwell times are expdcto allow for the SP-ICPMS detection of greater
NP number concentrations, this being especiallyontgmt for the analysis of NP mixtures.

A typical HDC — SP-ICPMS chromatogram is presented-igure 2a, in which signal spikes

originating from 60 nm Au NPs, at a concentratidn56 ng Au L, are observed. We refer to the
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Figure 2 Spike-chromatogram of 60 nm Au NPs obtained usiiCH- spICPMS at a mobi
phase flow rate of 1 mL mih(a). The solution injected had a concentratioB®fg Au L or 5 p¢
of Au. Also presented is a 4 s zoom window of eeorded signal spikes (b).

resulting chromatogram, which is relatively unigmeappearance, as a “spike-chromatogram”. The



information that can be extracted from such a splk®matogram is informative for NP

characterization. To better observe the recordgdasispikes a 4 s time window of the spike-

chromatogram is presentedkingure 2b. In this particular analysis, 54 signal spikeseaveounted, i.e.

54 NPs were detected. Their average intensity Waers detected per NP, with a standard deviatfon o
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Figure 3 Contour plots obtained from the HDC — spICPMS asialpf Au-NPs having diameters of: (a) 60 nm (2604 L™), and (b) 3
nm (50 ng Au ). Acquired using a mobile phase flow rate of 1.6 min™. Each contour plot is constied from its correspondi
original spike-chromatogram as described in thislar

14. Replicate injections of the same solution g&¥£l1 and 46x10 ions detected per NP, with 62 and
47 NPs detected, respectively. The average fronthitee analyses was 48 ions detected per NP, with
54 NPs detected. As expected, spike intensity dicchange when analyzing 60 nm Au-NP solutions at
different metal concentrations, but of course thenber of signal spikes detected did so in a linear
fashion, as will be discussed in more detail i #riicle.

A more convenient way to view HDC — SP-ICPMS datd abtain complimentary information is by
transforming the spike-chromatograms into contdotsp i.e. as shown ifrigure 3. In this case the
three types of information obtained from the HDSP-ICPMS analysis, i.e. retention times, number of
signal spikes, and ions counted per 10 ms dwek,tiane transformed and presented in the form of a
contour plot. In such plots, the presence of Autaimmg NPs is observed in the form of a “color rhap

This makes it easier to visually observe the presef NPs having different properties.Higure 3 two

1C



separate solutions of 60 nm and 30 nm Au-NPs weaé/zed and their resulting spike-chromatograms
converted into contour plot&igure 3a and3b, respectively).

The transformation procedure followed in order tonwert the spike-chromatograms to their
corresponding contour plots is described here lgrighe original data consisted of two data columns
one corresponding to dwell time and the other tensity, i.e. one intensity reading per 10 ms dwell
time. Subsequently, intensity bins with a 10 cowamge were made for each dwell time, i.e. intensity
bin (in.bin) #1: 4-10 counts, in.bin #2: 11-20 ctynn.bin #3: 21-30 counts, ..., in.bin #10: 91-100
counts. The first in.bin. starts from 4 counts fdey to avoid counting background signals. Thisiited
in a 9803 (dwell times) x 10 (intensity ranges)adabint grid for the acquired 100 s NP-eluting jort
of the chromatogram. All intensity bins were irigaassigned a zero (0) for all dwell times thatreve
acquired. Only if a signal spike, with an intensity counts, was detected at a given dwell time avas
(one) placed in its corresponding intensity bine Tiext and final transformation involved summing th
number of NPs detected in each intensity bin fee& time intervals. This gave the final datasdt) &

10 data point grid, used to construct the displayg@dour plots.
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Analysis of NP _mixture$¥hen analyzing NP mixtures by using HDC — SP-ICPSresulting spike-
chromatograms become exceedingly complicated asdaliinspection does not allow for the
unambiguous detection of NPs of different sizess Hifficulty originates both from the nature ofeth
signal spikes (a few early or late eluting NPs canfuse visual evaluation of retention times), atsb

the fact that HDC is a relatively low resolutiorpagation technique; thus, not completely separating
NPs of similar size. To illustrate this, a solutioontaining a mixture of 30 and 60 nm Au NPs was
analyzed using the HDC — SP-ICPMS and the resu#ine-chromatogram is presented-igure 4a.

In this case, it is clearly observed that HDC does have sufficient resolving power to adequately
separate these two closely sized NPs. Once agsiralvinspection of the spike-chromatogram leaves

ambiguity regarding the presence of different sipadticles. To overcome this, the resulting spike-
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Figure 4 Spike-chromatogram along with contour plots obtdifirem the HDC — SP - ICPMS analysis of AllR mixtures made
contain 60 nm and 30 nm particles in de-ionizedewéd and b), and in bottled drinking water (c)eT™oncentration of Au in thierm ol
these two NP sizes is 200 ng At &nd 50 ng Au I, respectively. A mobile phase flow rate of 1.6 min* was used.
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chromatogram was transformed, as described prdyjdosits corresponding contour pldtiQure 4b).
Here we can clearly observe two different typed\éfs, the 60 and 30 nm Au-NPs present in this
solution. Thus we observe that the SP-ICPMS apprdacther enhances the resolving power of this
hyphenated system. Similarly, when 60 and 30 nmNRs- are spiked into bottled drinking water and
analyzed, the resulting contour plot reveals tres@nce of Au-NPs of two different sizésdure 4b).
Overall, these contour plots enhance our immediatbty to gain a qualitative insight regarding the
different types of NP present in our samples.

It should be noted that when analyzing NP mixty&& and 60 nm NPs) there exists an increased
possibility for co-eluting NPs of both sizes to dminted within the same dwell time thus giving some
slightly more intense counts for the 60 nm NPgelms of the qualitative interpretation of the taag
contour plots this is not expected to have anytgetfact, i.e. in fact when compariiggure 3a (60 nm
NPs only) withFigure 4b (mixture of 60 and 30 nm NPs) only a slight insean the number of
intensity spikes above 80 counts is observed indtier case. However, it is expected that improved
instrumentation will allow for shorter dwell tim&ghich in turn will significantly reduce the chanfoe

more than one NP to occur per dwell time, thusnalig for the more efficient analysis of NP mixtures

HDC — SP-ICPMS for NP Characterization

In the next step of this study we provide proopdhciple for the suitability of HDC — SP-ICPMS to
determine: (2) NP number concentrations, (b) NB, find (c) the metal content of individual NPs. To
realize these characterization metrics, a proce@émploying three calibrations is used. The first
calibration correlates the number of NPs detedted,signal spikes counted, to the number of NPs
injected. The second calibration correlates NPntete time observed on the HDC column to NP size.
Finally, the third calibration correlates the numbé ions detected per NP, i.e. spike intensitythe
metal content of individual NPs. To construct thésee calibrations it is necessary to conduct two
different experiments. The first involves, analyggseveral solutions of NPs of well characterize® si

e.g. 60 nm Au NPs, in which Au-NPs are presenh@keiasing number concentrations, and counting the

13



number of resulting signal spikes (CalibrationTe second calibration experiment involves anatyzin

solutions of NPs of various sizes, i.e. 26.8, 58@,and 100 nm, and recording their retention time

(Calibration 2) and the average intensity of tleeiresponding signal spikes (Calibration 3).

250

Au concentration / ngL?
50 100

200

150

100

50

Number of Au-NP Detected

0

790 -

25

6000 9000
Number of Au-NP Injected

12000

785
780
775
770
765

Retention Time /s

760 A

755 A

y =-16.64In(x) + 838.45
R2=0.9962

b

500

60 80
Au-NP size / nm

100

Au-NP size / nm
80

120

400

300

200

100

lons counted per NP / counts

6

4 8
Au mass in each NP / fg

10

Figure 5 Calibration curves for converting: (a) the numbeN®s detected into the number of Au-NPs injec(édl, Au-NP
retention time into NP size, and (c) signal spikemsity into Au mass per NFlow rate used for these calibrations was 1

min. Error bars represent + 1 standard deviation aisueed parameter for n=3.

Determining NP _number concentrations (Calibration When analyzing a series of standard solutions

containing 60 nm Au-NPs (NIST RM 8013) at incregsitumber concentrations, it is observed that the
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number of detected signal spikes is linearly propoal to the solution’s NP number concentration
(Figure 5a). Each data point in the calibration plot is theerage of a triplicate analysis of the
corresponding Au-NP standard. Linear regressiorlysisagave equations such asg Xips petected)=
0.0172 X4 nps injectedyt 1.371; R? = 0.9978, for both 60 and 30 nm Au NRs&h equations can be used
to determine Au-NP number concentrations in unkn@amples from the number of signal-spikes
detected during their analysis. The equation slispa measure of the transport efficiency for the
analyzed Au-NPs. The transport efficiency for thistem used in this study, which included using a V-
groove nebulizer and a double pass Scott spray lobiawas found to be approximately 1.7%. A recent
study has described in detail alternative approaébredetermining transport efficiency for SP-ICPMS
analysis® Such approaches can also be used for the hyplesgséem described here. The limit of
detection for 60 nm Au-NP solutions was calculdted the calibration curve to be 600 Au-NP per mL
of sample or 60 Au-NP injected in a 100-pL injentigolume. This would correspond to a Au
concentration LOD of 2.2 ng Au™L

The 60 nm Au-NP solutions used here, i.e. NIST ROA3FB have been certified for their
concentration in Au and also for their Au-NP siitdnas also been shown that these NPs are spherical
shape. Taking this information into account andhgsihe density of Au and a reference material
solution density of 1 g niLit is possible to calculate the Au-NP number com@gion present in NIST
RM 8013 solution. Knowing the NP number concenpratdf the stock solution, appropriate dilutions
were made for calibration standards of known AusNifhber concentratiorfF(gur e 5a), ranging from
approximately 5x1dto 11x18 NPs mL*. Using NP number concentrations greater than ppemulimit
of our calibration would result in an increased gioitity of having multiple NPs enter the plasma pe
10 ms dwell time, thus further confounding the gsial and negating an important requirement of SP-

ICPMS (i.e.< 1 NP detected per dwell time).
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NP size determination (Calibration 2Jize calibration of the HDC separation is achielgdecording

the retention times g} of a series of different sized Au-NP standards plotting them as a function of
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Figure 6 HDC — spICPMS chromatograms acquired followingahalysis of a solution containing 60 nm AiRs at a concentrati

of 200 ng Au L-1. Acquired at mobile phase floweratf 1.6 mL min-1. Original spike chromatogram with any data processing
(a), and processathromatogram in which the number of signal spiketected per 5 s time windows have been summed lattdg
as a function of average retention time (b). Theetgorocess allows for the viewing of the spikeochatogram as a convémnal
chromatogram. In addition, retention time deterrigrais more convenient.

NP size Figure 5b). However, extracting the retention time from akegchromatogram is not as

straightforward as obtaining it from a conventiomromatographic peak where its apex is clearly
identifiable and assigned to be the analytesirt the spike chromatogram the maximum detection
frequency of signal spikes would correspond toniisnber concentration apex. However, this is not

always a straightforward procedure gad¢curacy and precision would depend on the tinmelow used
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to count the signal spikes. To overcome this diffic two procedures were evaluated. Firgt, t
assignment was made after reconstructing a comraitichromatogram from the recorded spike-
chromatogram shown iRigure 6a. This is achieved by summing the number of sigpétes observed
during a 5 sec time window (5 s bin) and plottihgde sums as a function of its average retentioa ti
(Figure6b). The retention time of the resulting chromatogiageak can be conveniently assigned this
way, however, it will be associated with an undettadictated by the size of the applied time hia,
time bin of 5 s in this case and thus £2.5 s. Aaerahtive statistical approach would be to recbosl#
of all the detected Au-NPs of given size, igof all signal spikes of a given intensity. Subssgly
their averagextis calculated and assigned to be their reteniioe.t

The relationship between NP retention time and, sisedetermined for the Au-NPs analyzed on our
system using the latter approach, is describechbyetjuation e retention time= -16.64 LN(Xp sizd +
838.45; B=0.9962 Figure 5b). Such an equation can be used to determine N# isizinknown
samples from their retention times. In a previdusiy'® the relationship between Au-NP size and their
retention time was also found to be logarithmicNidts ranging from 5 nm to 250 nm in diameter.

Overall, however, it is our view that the accuradth which size calibration can be achieved using
HDC for nanosized particles is one of the fundamelimhitations of the HDC — SP-ICPMS approach.
This is because even small retention time shiftsnat corrected for, will introduce substantial

uncertainty into NP size determination.

Determining the metal mass fraction of NPs (Calilima 3). The counting statistics of the ICPMS

detector and NP size inhomogeneity account forinensity variations observed for the individual
signal spikes Kigure 2 and 6). However, it is also well known from SP-ICPMS bsé that the
average intensity observed for each detected spilgoportional to the mass of Au present in that
particular NP. Various procedures have so far lpgeposed for converting the average spike intensity
into metal mass fraction of each K" **Here we have used an alternative approach whieh te

calibration data acquired from the NP-size calibrat whereby the mass of Au in each of the
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calibration Au-NPs is related to the average intgrd the signal spikesHgure 5¢). The mass of Au
in each of the Au-NP sizes is calculated by knowihgir diameter, observing that they are
approximately spherical by TEM and SEM, and thalytbnly contain Au. Au-NPs of different sizes
each give spike signals of different intensity. @Bgtting signal spike intensity as a function of Aass
per NP Figure 5c) the following linear relationship is observedioy detected per single N5 44.62 Xig of Au

ver single NPy 8.35; R=0.9977. Such a calibration allows for the convarsif the observed signal spike
intensity to metal mass per single NP.

As already mentioned in the present study, but desmonstrated in previous studies, SP-ICPMS
without any chromatography can be used for therdatation of the metal mass fraction of NPs by
analyzing a standard solution of the metal in issalved form, i.e. Au in this case, along with the
NPs?’ We have therefore also evaluated this approadorimbination with HDC. When analyzing the
NIST RM 8013, Au-NPs with a nominal size of 60 nug determined them to have a diameter of 56.3
nm. This compares well with the average 55.4 nmaiobtl by NIST using several independent
analytical techniques. Details of our single péeticalculations are provided in the Supporting

Information section of this paper.

Determining Au-NP size, number concentration andvass fractionBy using all three calibrations it

is possible to convert non-calibrated contour ptatsh as the ones already presenkduf es 4) into
calibrated contour plots showing Au-NP size, Au sné&siction and Au-NP number concentrations.
Such a procedure was carried out for a bottledkdrgnwater sample spiked to contain 60 nm and 30
nm Au-NPs. The resulting calibrated contour plathewn inFigure 7. In this plot it is easy to observe
that two different types of Au-NPs are present. @eeng between 10-30 nm in size, with each NP
containing approximately 0.15-0.3 fg of Au. Alsg, summing the number of this type of Au-NPs from
the calibrated grid, i.e. summed the number of piesent in appropriate time and intensity bingtal t

of 18363 Au-NPs between the size of 10-30 nm weteaded. In fact based on calculations using data

provided by NIST for RM 8012 (see Materials expeanrtal section) we would expect this sample to
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contain Au-NPs of 26.8 (with NIST reported valuesni 24.6 to 28.6 nm), each having a Au mass
fraction of 0.27 fg. Also, as these NPs had bedtedgdnto the bottled drinking water at a concetbra
of 50 ng Au L, the number of NPs expected to be present was81&bdrefore, a 99% recovery was

achieved.

Number of NP in sample

5000
4000
3000
2000
1500
1200
600
500
400

Au mass in individual NP / fg

200

e A SERERRRECaESEEEIo 100
120110100 90 80 70 60 50 40 30 20 10 O
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Figure 7 Calibrated contour plot showing the analysis ofriaking water sample spiked with NIST R
having nominal sizes of 60 and 30 nm, at concéntratof 100 and 50 ng Aul, respectively.

The second type of detected Au-NPs appear in tilerai®d contour plot to have a size of 55-65 nm,
with each NP containing between 2.0 and 2.5 fg of Based on calculations using data provided by
NIST for RM 8013 (see Materials experimental segtime would expect 1.74 fg of Au per NP, and a
size of 55.4 + 1.1 nm. Also, as these NPs had lspgked into the bottled drinking water at a
concentration of 100 ng Au“Lthe number of NPs expected to be present was Silfteas 3936 were
detected, thus a 68% recovery was achieved. Thdgaiting interaction with the water matrix or poor

column recovery.
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Technical difficulties encountered developing arsina the HDC — SP-ICPMS approacBeveral

technical challenges were encountered during threldement of this technique. The first involved the
occurrence of random background signal-spikes a #97 when a reciprocating piston liquid
chromatography pump was initially used instead hed syringe pump adopted later. After further
investigation it was concluded that metal-contagnparticles were coming off the piston pump during
its operation. After further investigation it walsserved that high intensity signal spikes were olesk
for m/z 181 when the piston pump was connectectiijréo the SP-ICPMS. This mass corresponds to
monoisotopic tantalum (Ta) which is an element kndw form oxide polyatomic ions with a m/z of
197. The average intensity of the m/z 197 backgiapikes to those observed at m/z 181 indicate a 1-
2% TaO level relative to TA Following this observation, the reciprocatingtpis pump was replaced
by a syringe pump, in which case the previouslyeole=d background spikes at m/z 197 and 181 were
no longer observed.

The second technical difficulty we encountered WasICPMS limitation of 10 ms being the lowest
possible dwell time per m/z when monitoring a stnigbtope. In the single particle mode it is dddea
to use even lower dwell times in order to minimthe possibility of having two or more Au-NPs
measured within the same dwell time. Another imaent feature that posed a significant problem was
the delay with which a 10 ms data point for a @ngl/z was downloaded from the instrument to the
computer. This delay was significant as it increlaaealysis time by a factor of 5-6. Therefore, ariif
chromatographic run required about 50-60 min fbthed acquired data to be downloaded. Only after
the data had been downloaded could a subsequertterunitiated. The observation of such a data
acquisition delay has previously been reportedthers, in which case they reported a low data teains
rate of 40 ms per data poffitFor both of these limitations no adequate soluti@s obtained for the
duration of this study.

Finally, the fact that SP-ICPMS is such a sensitieehnique, i.e. it can detect single particles,
precluded the injection of Au-NP solutions contaiAu at pg [* (ppb) levels. The reason for this is

that NP contamination can occur resulting in the kution of few NPs, past their expected retentio
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time. This creates some visual confusion with respe the spike-chromatogram. To overcome this
problem we used two HDC columns independently is $tudy, one for pg Au L* concentrations
with conventional mode — ICPMS, mainly for scregnpurposes, and a second column operated in the
ng Au L' concentration regime with SP-ICPMS. The latterunmt was used for most of the

experiments reported in this study.

Conclusions

Overall, our effort to develop an HDC — SP-ICPMSraach for NP characterization has built
substantially on the exceptional preceding studiesionstrating the separate use of HDC and SP-
ICPMS for NP determination. In doing so we havecdbsd their individual limitations as well as
demonstrated their complementarities which wasdiing force for our investigating their on-line
coupling.

It is concluded that the strong points of the hymtied approach for NP characterization is its
extremely high sensitivity and selectivity, as waslthe NP size and number concentration informatio
it is capable of providing. However, it is also apmt that separation methods with higher resolving
power are needed for analysis of suspensions of diR&rrow size distribution. Improved ICPMS
sensitivity will allow for the detection of even atter sized NPs in the single particle mode.

Finally, new software developments will be requirtd more efficient and convenient data

acquisition and processing of the resulting chreg@phic and single particle counting data.

NOTICE: The United States Environmental Protection Agetiopugh its Office of Research and
Development funded and managed the research deddndre. It has been subjected to the Agency’s
administrative review and approved for publicatitdention of trade names or commercial products

does not constitute endorsement or recommendatiause.
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