Anal Bioanal Chem (2013) 405:2279-2288
DOI 10.1007/s00216-012-6617-z

PAPER IN FOREFRONT

Real-time size discrimination and elemental analysis of gold
nanoparticles using ES-DMA coupled to ICP-MS

Sherrie Elzey - De-Hao Tsai - Lee L. Yu -
Michael R. Winchester - Michael E. Kelley -
Vincent A. Hackley

Received: 4 October 2012 /Revised: 19 November 2012 / Accepted: 28 November 2012 /Published online: 22 January 2013

© Springer-Verlag Berlin Heidelberg (outside the USA) 2013

Abstract We report the development of a hyphenated
instrument with the capacity to quantitatively character-
ize aqueous suspended gold nanoparticles (AuNPs)
based on a combination of gas-phase size separation,
particle counting, and elemental analysis. A customized
electrospray-differential mobility analyzer (ES-DMA)
was used to achieve real-time upstream size discrimination.
A condensation particle counter and inductively coupled
plasma mass spectrometer (ICP-MS) were employed as
downstream detectors, providing information on number
density and elemental composition, respectively, of aerosol-
ized AuNPs versus the upstream size selected by ES-DMA.
A gas-exchange device was designed and optimized to
improve the conversion of air flow (from the electrospray)
to argon flow required to sustain the ICP-MS plasma, the
key compatibility issue for instrumental hyphenation. Our
work provides the proof of concept and a working prototype
for utilizing this construct to successfully measure (1)
number- and mass-based distributions; (2) elemental compo-
sitions of nanoparticles classified by size, where the size
classification and elemental analysis are performed within
a single experiment; (3) particle concentrations in both so-
lution (before size discrimination) and aerosol (after size
discrimination) phases; and (4) the number of atoms per
nanoparticle or the nanoparticle density.
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Introduction

Nanoparticles (NPs), especially in the colloidal form (i.e.,
dispersed in a fluid medium), are increasingly used in the
production of consumer products, biomedical and diagnos-
tic devices, drug delivery systems, and advanced materials
for catalysis, coatings, and food packaging, among other
uses [1-10]. For these applications, physical size and ele-
mental composition are among the most important proper-
ties that influence the performance of nanobased products
[11-15]. For instance, nanomedicines that use NPs as drug
delivery vehicles are under development [11, 13, 14,
16-18]. Studies have shown that therapeutic performance
is related to the size and chemical composition of NPs used
in the formulations [12, 15, 19]. Traceable, quantitative
analytical methods for determining size and chemical com-
position are necessary to accurately and precisely correlate
these properties to efficacy and safety and are critical for the
advancement of NP-based therapeutics. For particle size
characterization, techniques based on physical measure-
ments, especially classification prior to detection (e.g., chro-
matography, electrophoresis, and field flow fractionation),
are widely used due to their capacity to enable size-
resolved measurements [20—22]. To characterize elemen-
tal composition with high sensitivity, techniques such as
mass spectrometry, optical emission spectrometry, X-ray
photoelectron spectroscopy, and energy dispersive X-ray
spectroscopy are used extensively [12, 23—28]. By combining
the information obtained by multiple characterization meth-
ods, the material properties of NPs can be presented more
completely and accurately.

In addition to applying complementary measurements
independently [11, 16, 23, 25, 29-32], a recent advance is
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the development of real-time, quasi-simultaneous character-
ization methods through the hyphenation of complementary
instrumentation: e.g., upstream size separation coupled
with downstream elemental detection [20, 33, 34]. Hy-
phenation not only combines the advantages of using
these instruments individually, but also offers a major
advantage by providing real-time analysis of the material
properties of NPs for a more synchronized data compar-
ison. For example, a complex mixture of NPs can first be
classified and subsequently analyzed, in order to differentiate
among coexisting populations, with minimal perturbation to
the native sample.

Differential mobility analysis (DMA), also called scan-
ning ion mobility spectrometry, is a high-resolution size
classification technique relevant to the analysis of discrete
(dispersed) nanoscale species such as NPs, viruses, proteins,
and DNA [35, 36]. For sampling from an aqueous solution,
an aerosol generator, such as an electrospray (ES) device,
can be combined with DMA, allowing the DMA size dis-
crimination to be applied to particles as small as a few
nanometers in diameter [11, 16, 30, 31, 35—40]. The major
advantage of using electrospray-differential mobility ana-
lyzer (ES-DMA) is that the ES can generate well-
controlled, monodisperse, sub-micrometer droplets contain-
ing a single particle per droplet [35-37, 41, 42]; thus, it is
ideal for characterizing NPs at appropriate particle number
concentrations (10'° to 10'3/cm®) with resolution down to
about 0.3 nm. In the classical application of ES-DMA, a
condensation particle counter (CPC) is attached to detect
aerosolized particles of a specific size, selected by control-
ling the applied voltage in the DMA classifier. In this
configuration the technique is limited to providing aerody-
namic size-resolved concentration, albeit with a very high
degree of size resolution.

For quantitative elemental analysis, inductively coupled
plasma mass spectrometry (ICP-MS) is the technique of
choice, due to sensitivity at sub-nanograms per kilogram
(parts per trillion) to micrograms per kilogram (parts per
billion) levels [22, 43, 44]. By combining DMA with ICP-
MS, it should be feasible to directly obtain size-resolved
composition and mass-weighted size distributions of nano-
scale species with high sensitivity. Previous studies have
also shown the feasibility to measure the composition of
aerosolized NPs directly by integrating ICP-MS with differ-
ent types of aerosol generators (e.g., atomizer/nebulizer and
laser ablation) [34, 43, 45]. Elemental composition, on a
basis of single particle analysis, could be achievable for the
NPs having sufficiently large size and at low number con-
centration in solution.[43, 46] We are aware of only two
previously published studies in which ES-DMA has been
directly hyphenated to ICP-MS: Kapellios et al. [33] and
Carazzone et al.[39] partially addressed the problem of
incompatibility of air with the ICP-MS plasma (air is
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typically used in ES and as the sheath flow in DMA). As
we will show, gas incompatibility is the principal coupling
issue for hyphenation of ES-DMA with ICP-MS.

The ES device requires air or other compatible conduc-
tive gases and cannot be operated using Ar due to the low
electrical breakdown voltage of the latter. On the other hand,
the ICP-MS operates with Ar, where air content must be
minimized to sustain a stable plasma. Moreover, the high
oxygen content present in air interferes with the detection
and quantification of several key elements, such as S, so it is
advantageous to minimize air entering the ICP. Hence, the
air in the gas flow carrying the analyte must be exchanged
with argon before introduction into the ICP-MS system. One
partial solution [34] is to utilize the DMA itself as a gas
converter (i.e., use a sufficient flow of Ar as the sheath gas
in the DMA) to achieve sufficiently low air content to allow
stable on-line ICP-MS measurements. Although these pre-
vious studies show it is possible to overcome the air/plasma
stability issue by using the DMA as the sole gas converter
[39], the necessity of using a higher sheath flow rate signif-
icantly restricts the operational size range of the DMA and
decreases the concentration of aerosolized NPs delivered to
the downstream ICP-MS detector. As a result, the gas-
exchange efficiency is coupled to the size resolution and
dynamic range of the DMA. Additionally, the residual air
flow is still high enough to present an interference issue in
the MS detection of specific elements.

Our primary objective is to develop and validate a high-
resolution, hyphenated measurement system capable of pro-
viding quantitative information on the size-resolved elemen-
tal composition of engineered NPs and their functional
coatings (where applicable). Through a systematic study of
ES-DMA coupled with ICP-MS (denoted as ES-DMA/ICP-
MS), we optimized the operational window (e.g., size range,
sensitivity of elemental analysis, etc.) for this hyphenated
system, and extended the measurement capability to obtain
other important material properties (e.g., particle concentra-
tion and particle density). We designed and constructed a
gas-exchange device (GED) installed just prior to the ICP,
which affords the capacity to operate the DMA at the de-
sired size range while achieving the gas-exchange efficiency
necessary for high sensitivity elemental analysis. The GED
concept is based on the membrane gas exchange apparatus
described previously by Nishiguchi et al. [45] for direct
monitoring of airborne particulates by ICP-MS. Gold nano-
particles (AuNPs) were chosen as the test material for the
present studies, because of their widespread use in biomed-
ical applications and because of our substantial prior work
on this material [11, 16—18, 23, 29, 30, 47]. The GED was
systematically studied to optimize efficiencies of gas ex-
change and particle transport. Additionally, the advantages
of this technique are discussed for applications related to
NPs and nanobased products.
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Experimental
Materials

Commercially available AuNP suspensions (nominally
30 nm and 10 nm in diameter) were purchased from Ted
Pella (Redding, CA)." A 20-nm polystyrene (PS) nano-
sphere size standard was purchased from Thermo Scientific
(Madison, WI). Ammonium acetate (Sigma-Aldrich, St.
Louis, MO) was used to adjust the ionic strength of samples
for ES operation. Biological-grade (18 M{2xcm) high-
purity filtered deionized water (Aqua Solutions, Jasper,
GA) was used for all sample preparation and dilutions.

Sample preparation

Citrate-stabilized AuNPs (1 mL) were centrifuged (MiniS-
pin Plus, Eppendorf North America, Hauppauge, NY) for
one cycle (additional cycles prevented resuspension) under
the following conditions: 30 nm AuNPs for 15 min at
9,660xg; 10 nm AuNPs for 45 min at 14,100xg. After
centrifugation, the supernatant was removed, ammonium
acetate solution (5 mmolL ") was added for final Au con-
centrations of approximately 5-250 pgg ', and samples
were sonicated using a bath sonicator (model 1510, Branson,
Danbury, CT) to aid resuspension of the particles.

Instrumentation

The hyphenated instrument (Fig. 1) comprises an ES-DMA
for aerosol generation and size discrimination, a GED to
exchange air for argon, a CPC to determine particle number
concentration, and an ICP-MS for quantitative elemental
analysis. Each component is described in more detail below.

Electrospray-differential mobility analyzer

The ES (model 3480, TSI, Inc., Shoreview, MN) generates
an aerosol of NPs by using a differential pressure to move a
liquid dispersion through a fused silica capillary (40 pum
inner diameter tip), after which the droplets are sprayed
under an electric field into a stream of dry air. The aerosol-
ized NPs acquire an equilibrium charge distribution due to a
radioactive 2'°Po neutralizer. The NP aerosol stream
(denoted as polydisperse flow) then enters the DMA (model
3085, TSI, Inc.), where the particles are classified based on
electrical mobility under an applied electric field, with a
sheath flow carrying NPs downstream. The trajectory of a
charged particle within the DMA column is directly related

! The identification of any commercial product or trade name does not
imply endorsement or recommendation by the National Institute of
Standards and Technology.

to the particle mobility diameter, d,, ., (Fig. 2A). As the
voltage applied to the DMA is varied, particles of a specific
size are allowed to exit the DMA [48, 49] and are counted
by the CPC (model 3776, TSI, Inc.). The CPC uses butanol
condensation to grow particles to an optically detectable
size, and individual particles are counted by a photodetector.
A Bertan power supply (205B-10R, Valhalla, NY) was used
to apply voltage to the DMA. The electric field of the DMA
and data acquisition for the CPC are controlled using a
customized LabView program (National Instruments Corp.,
Austin, TX). The ES-DMA-CPC is used to obtain a particle
number-based size distribution (i.e., particle number con-
centration in gas phase (V) versus selected d;, ). The step
size used in the particle size measurement is 0.2 nm, and the
time interval between each step size is 10 s. Sheath flow rate
(0s»=10 Lmin " in our experiments) and sample flow rate
(Osamp) of the DMA are controlled by a mass flow controller
(MFC, MKS Instruments, Andover, MA) and a customized
laminar flow element (CME, Davenport, IA), respectively.
The resolution of the particle size measurement is 0.3 nm.
[25, 32, 50]

Gas-exchange device

Table 1 shows the instrumental settings for the GED. A
porous Al,03-SiO, glass membrane (PGM) with 100 nm
diameter pores (SPG Technology Co., Ltd., Japan) is housed
in a custom-made Pyrex glass tube (Fig. 2B). The GED inlet
(sample flow) and outlet flow are in line with the membrane
(inner tube), while separate Ar inlet (sweep flow) and outlet
ports are perpendicular to the flow through the membrane.
Because of the concentration gradient of gases between
inner and outer tubes of the GED, air enters the GED inlet,
diffuses through the pores of the membrane, and exits with
the sweep gas flow; simultaneously, Ar diffuses into the
membrane. Thus, air is replaced by Ar via diffusion, and
the flow at the GED outlet is predominantly Ar. The MFC
was used to control the Ar sweep flow into the GED.

The percent O, at the GED outlet (C,, ,) was measured
using a paramagnetic analyzer (OXYMAT 6, Siemens, San
Luis Obispo, CA). The percent O, was used to calculate the
exchange efficiency, Effggp (percent air replaced by Ar)
relative to the initial measurement of the percent O, in the
sample flow just before entering the GED, C, ;| (no Ar
sweep flow).

Co. 2

0,1

Effgesp =1 — (1)

The Qgamp Was varied from 0.25 to 1 Lmin !, and the Ar
sweep flow (Qgweep)Was varied from 0 to 6 Lmin . The
flow rate at the GED outlet was measured by a DryCal flow
meter (ML-800-24, Bios International Corp., Butler, NJ) set
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Fig. 1 Schematic diagram of Air Sheath Flow, Ar
the ES-DMA/ICP-MS hybrid Lo 010 L min Sweep Flow, Ar cPC
instrument ‘me sh— min Q veep
Polydisperse
Flow, air Sample Flow Y Sample Flow 1 s| IcP-ms
ES |———>| ovA |75 GED Quamp
1L min-! samp ¢
Excess Flow Exit FI_o W
Ar/air

Ar/air. 10 L min-?

for Ar. The relative standard uncertainty (precision) of the
O, measurements is typically less than or equal to 0.03 %.

Inductively coupled plasma mass spectrometer

An ICP-MS (7700x, Agilent Technologies, Santa Clara,
CA) was used to monitor '°’Au (Table 2). The ES-DMA
was coupled to the ICP-MS via the GED. Specifically, the
output of the DMA was connected to the GED inlet with
Tygon tubing (I.D., 0.64 cm). With the spray chamber of
the ICP-MS removed, the outlet of the GED was
connected with Tygon tubing (ID, 0.95 cm) to the ball
joint at the end of the torch via a 12x5 Pyrex glass socket
joint. Other parameters not listed in Tables 1 and 2 are
included in Table 3.

Hybrid instrument operation (ES-DMA/ICP-MS)

For sample analysis using the hyphenated instrument, the
voltage applied to the DMA was increased in stepping
mode, and the particle mobility diameter (i.e., determined
by equating electrostatic force to Stokes drag)[25, 49] was
measured from d,, =2 to 40 nm. Ar was used as the sheath
gas in DMA to dilute the extent of air present in the sample
flow without reducing the NP concentration. Initially,
Fig. 2 (A) Schematic A
representation of size

discrimination process by ES-

DMA. (B) Schematic diagram

of the GED, where PGM is the
porous glass membrane

Sample Flow
from DMA,

Ar/air

Percentage of air:

Osamp/( Osh + Qsamp)><1 00%
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Sheath Flow, Ar

the particles exiting the DMA were directed to the CPC
(denoted as ES-DMA-CPC or classical mode) to determine
the number-based particle size distribution (PSD—i.e., N,
versus selected d;, ). Subsequently, the particle stream was
delivered to the ICP-MS, and acquisition mode was set to
time-resolved acquisition (TRA) to monitor '*’Au signal
intensity as the DMA voltage was increased (i.e., 97 Au
counts versus the scanning time (t;)), where the dp 1, or
DMA voltage, can be correlated as a step function of £ (Eq.
(2)), allowing particles of a specific diameter to exit the DMA
at the selected voltage and to be atomized by the plasma and
detected by the ICP-MS. The ES-DMA/ICP-MS mode was
used to obtain a mass-weighted PSD. The step size used in the
particle size measurement was 0.2 nm, and the time interval
between each step size was 20 s. A relative standard uncer-
tainty of 7 % is estimated for mass distribution measurements
obtained in coupled mode; this value is based on the mean
standard deviation of 40 measurements performed at each size
step. Note that the brackets on the right side of Eq. (2) indicate
the floor function, which rounds the quotient down to the
nearest whole number.

dp, m (inunit of nm) = VE(S)J X 02+2 2)

Polydisperse o

Flow, air
b +.
- _\+ + N Excess Flow,

E Sample Flow, Ar/air
Percentage of air: Quamg/(Qsnt Qsamp)x100%

Sweep Flow, Ar

Sample Flow
to ICP-
MS/CPC, Ar/air

Percentage of air:
(1-Eff gep)* Qsamp/ ( Qs+ Qsamp)x 100%

Exit Flow
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Table 1 Settings and parameters for the gas exchange device (GED) Table 3 List of other symbols not listed in Table 1
Length of PGM (Lem) 12.5 cm Definition Symbol
Pore size of PGM 100 nm ] — ]
Inner diameter (ID) of inner tube (PGM) 0.42 cm Part%cle mobility diameter (nm? . m
Outer diameter of inner tube (PGM) 0.5 cm Pegt;/c{f ?;‘gt;‘)’r concentration in gas phase after No
ID of GED outer chamber 2.5 cm Sheath flow rate (Lmin_l ) O
Length of GED outer chamber (L) 24 cm Particle loss through the GED Py
1
Sweep flow rates (Dsweep) 0-6 Lmin Percent O, at the GED outlet Co. 2
-
Sample flow rates (Qsamp) 0.25-1 Lmin Percent O, in the sample flow (before GED) Co. 1
Scanning time (s) ts
Diffusion rates of Ar [mol/(m?s)] Jar
. . Diffusion rates of air [mol/(m’s)] Jair
Results and discussion Retention time of sample flow through the PGM (s) tmem
Studv of G Radius of PGM (nm) Pmem
tudy of GED N, measured before GED (cm73) Ny, samp
Gas-exchange efficienc N, measured after GED (cm73) Ny, Gep
ge ¢ Y Gas exchange efficiency Effgep
R . . . Gas-exchange factor
As shown in Fig. 3A, decreasing Ogamp, Or increasing Ogweep ,g . . 3
. .. .1 Concentration of particles in solution (cm ~) Ny, 1
increases Effgpp significantly. When Qgyeep™>3 Lmin -, . . o i .
Eff reaches 98, 85, and 57 % through exchange at O As-received concentration of particles in solution (cm ) Ny 1,0
GED N . samp Number concentration of particles in gas phase before Ny, o
0f 0.25, 0.5, and 1.0 Lmin , respectively. The results of gas- DMA (cm ) '
exchange efficiency (Fig. 3A) can be interpreted mechanisti- Number concentrations of PS in gas phase before Ny, g, pS
cally by considering both the free diffusion of gas molecules DMA (cm ) ) _ ) .
and their penetration through the pores of the GED membrane. ~ Number concentrations of PS in 5‘3’1““0“ phase (cm ) Np. 1 ps
Since the pore size of the membrane (100 nm) is at least 100x ~ Average der:z;ty of a AuNP (g/em”) PAunp
larger than the size of the gas molecules (principally Ar, N,, ~ Number of “"Au atoms per particle Nau
. . . . 197 . :
and O, in this system), the gas penetration resistance  1otal = Auatoms present in solution Nau, total
due to the steric resistance of membrane pores is neg- ~ Volume of a single AuNP (cm’) Vaune

ligible. Hence, the mechanism of gas exchange is dom-
inated by molecular diffusion. We investigated the effect
of Qsamp and Qgyeep 0n the diffusion flux of gas mol-
ecules by applying Fick’s law of diffusion [49]:

Diffusion Flux < Jartmem X Jairtmem 3)

Here, Ja, and Jy;, are the diffusion rates of Ar and air
through the membrane, respectively, and #,, is the
retention time of sample flow through the PGM. Accord-
ing to Eq. (3), Jar Jai» and t,en are proportional to
Effgep. Increasing QOgweep should increase the concentra-
tion gradient between the sweeping flow and the sample

Table 2 Instrumental settings for ICP-MS operation

Radio frequency (RF) power (W) 1,550
Coolant gas (Lmin ") 15
Auxiliary gas (Lmin ") 0.8

Tune mode No gas
Osamp (Lmin™") 1

Mass monitored (m/z) 197 Au (197)
Integration time (s) 0.5

flow, resulting in an increase in both J,, and J,. De-
creasing QOgamp iNCreases tmem (i€., allowing more time
for gas diffusion). Hence, decreasing Qgamp, OF increasing
Osweep> Will increase Effgpp. Our experimental results
(Fig. 3A) support this mechanism.

We define a gas-exchange factor ({2) to quantify the effect
of gas diffusion on Effggp. As shown in Eq. (4) (a detailed
derivation is provided in the Electronic supplementary
material (ESM)), (2 is proportional to the diffusion flux
and can be summarized as a function of the length (L er,) and
the radius (7nem) Of the PGM, respectively (in units of cm),

Osamp»> and Ogyeep-
2 = 0.0653 Lnem X "men’” (1 Qo ) (4)
Qsamp Qsamp + steep

As shown in Fig. 3B, increasing {2 pushes Effggp
toward 100 %, suggesting a longer retention time, or a
higher concentration gradient, is beneficial for achieving
higher Effgep. The result also indicates that Lyem and
Fmem could be increased to maintain higher (2, if an
increased value of QOgaymp is required for measurement
resolution or sensitivity.

@ Springer
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Fig. 3 Analysis of the gas-
exchange device (GED). (A) 100 -
Effep versus Qgampie and
Ogsweep- (B) Dimensional analysis
of Effggp versus gas-exchange
factor (£2). (C) Efficiency of
particle transport through the

>

e ]
o
T

Eff ceo (%)

e
‘,,J—Jf

GED (W,,, GED/Np, samp) @S & 40 f//. = Qsamp=0.25 L min-! 40 <
function of Qgyeep and nominal /
particle size. The native AuNP 20 = Qsamp=0.5 L min-! 20 |
concentration was ~250 ugg’1
= Qamp=1 L min-'
0¥ . . . L 0
0 1 5 3 4 5 & 0 0.05 0.1 0.15
. 2
Qaecp (L Min~) Q (mol/cm?)
C
B 10AuNPs
120
B 30AuNPs

Particle transport

In addition to investigating Effggp, we also evaluated the
potential influence of Qgamp and QOgyeep 0n the loss of particles
during transport. However, even without using the GED, the
particle concentration from the ES process was reduced sig-
nificantly by reducing Qsamp from 1 to 0.25 Lmin~'. We
attribute this loss to the deposition of highly charged AuNPs
generated by the ES onto the wall of the orifice plate, thus
failing to reach the neutralization chamber. This effect is
apparent at low carrier flow rates. ICP-MS requires Qgsamp
of =1 Lmin" to ensure sample penetration through the plas-
ma, thus Qgamp at the GED inlet must be at least 1 Lmin ' for
this application. We therefore set QOgump equal to 1 Lmin ' for
the measurement of AuNP transport.

Particle loss due to diffusion and/or deposition onto the
surface of the GED was quantified based on the measured
particle counts in sample flow using the ES-DMA-CPC
configuration (Fig. 3C). Number concentration of size-
classified AuNPs was measured under various Qgyeep (0 to
6 Lmin ') ata Ogamp 0f 1 Lmin ", Particle loss through the
GED, P;[(1=(Np, Gep/Np, samp)> Where Ny, samp and Ny Gep
are N, measured before and after the GED, respectively],
was determined using AuNPs of two nominal diameters: 30
and 10 nm (denoted as 30AuNP and 10AuNP, respectively).
Unlike gas molecules, the size of the particles used in our
experiment are within one order of magnitude of the pore
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N p,GEDIN p,samp(%)

0L min

3L min? 6L min

- Qupen— ,

sweep

size of the PGM. The steric hindrance of the pores may
therefore restrict NP diffusion toward the outer chamber of
the GED—a beneficial effect of size discrimination (i.e., gas
molecules can diffuse through the membrane, but generally
not NPs).

For 30AuNPs, particle loss due to the GED was negligi-
ble (=1.5 % when QOgyeep=0 Lmin ). Interestingly, Ar
sweep flow through the GED increased the particle number
concentration beyond the baseline value (measured without
the GED) by =4 % at Osweep=3 Lmin ' and 8 % at Osweep™
6 Lmin . The reason for the increase in particle concentra-
tion is not entirely clear. However, it could be due to a slight
increase in the Ar content of the carrier flow post-GED (i.e.,
less diffusion loss due to the denser Ar carrier gas), or
possibly due to the uncertainty in the measurement of par-
ticle concentration (typically =3 % but can be as high as
20 % under some conditions) [31, 35]. Details of the calcu-
lation of particle loss are described in Section 2 of the ESM.

For 10AuNPs, particle loss due to the GED was >23 %.
This relatively high loss could be the result of increased
diffusional deposition of the smaller particles and/or an
increase in penetration through the pores of the GED mem-
brane itself. Based on calculations of diffusion loss [49],
diffusion accounts for =4 % of the particle loss for 10AuNPs
and 1 % for 30AuNPs (details in ESM). Thus, particle loss
for the 30AuNPs is attributed principally to diffusion, but
the most of the particle loss for the 10AuNPs can be
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attributed to penetration through the membrane pores. We
also observed that increasing Qgweep increased the particle
number concentration relative to the baseline by ~4 % at
Osweep=3 Lmin ' and >7 % at Osweep=6 Lmin ', similar to
the increase for the 30AuNPs at the same value of QOgyeep.
Hence, increasing Qgyeep (01 the relative pressure outside the
membrane) may suppress the diffusion loss of particles
(through the membrane or in transport).

We have demonstrated the proof of concept for using the
GED to discriminate the diffusion of gas molecules from
AuNPs, and then to achieve sufficient gas-exchange effi-
ciency without substantial loss of particles during transport.
Based on the particle size involved, and the tolerance of
ICP-MS to air (i.e., an air content below 10 % is necessary
for the stability of the plasma), parameters such as the length
and pore size of the membrane can also be adjusted for
optimization. This is the key advantage of using a modular
GED instead of relying on the DMA alone for reducing air
content. For example, in order to avoid exceeding the
threshold of electrical breakdown for the Ar sheath gas
inside the electrostatic classifier, the DMA voltage has to
be operated under =3 kV (based on our experimental
setup), which is not applicable for NPs having d, >
40 nm. With the assistance of the GED, we were able to
perform measurements for dp, ,>40 nm while maintaining
stable plasma operation (i.e., operation at lower Qg, while
maintaining the air content below 10 % for the ICP). In the
next section, we discuss the application of the GED to the
hyphenation of ES-DMA and ICP-MS.

Hybrid instrument (ES-DMA-GED/ICP-MS)

Particle size distribution with hyphenated elemental
analysis

In this section, we discuss characterization of AuNPs using
our customized ES-DMA system coupled to the ICP-MS
through the GED. The ES-DMA was operated at an aerosol
flow of 1 Lmin"' to ensure that particles from the ES were
successfully delivered to the DMA. We chose Qg,=10 Lmin ™'
to ensure sufficiently low air content delivery to the ICP.
Osweep Of 3 Lmin " was used for the hyphenated measure-
ments. Although the ICP-MS can operate at Og,=10 Lmin
without using the GED, the addition of the GED can reduce
the level of air to improve the plasma stability and potentially
reduce interference from O species.

As shown in Fig. 4A, the PSD of the 30AuNP sample
(250 ugg ") was measured by increasing the voltage applied
to the DMA in stepping mode. Figure 4A shows the TRA of
the particle number concentration and mass signal intensity.
The inset shows the number-based PSD obtained using the
CPC (red line) and the mass-based PSD obtained using the
ICP-MS (blue line). Two peaks were observed using the

4000
A - 4.E+06
3000 _
° - 3.E+06 ¢)
3 o
£ s o . o
3F 2000 0 24 26 28 30 32 34 36 38 40 <
e " Particle size (nm) [ 2.E+06
o ' || <
= ‘ ': i CPC particle count ~
== L u
1000 ;o > L 1.E+06 ¥
!\ —ICP-MS signal
/
’ \
0 — ; ‘ = 0.E400
0 10 20 30 a0 50 60

Time (min)

Fig. 4 30AuNPs measured by ES-DMA sample introduction into the
ICP-MS and comparison with the result using CPC. (A) TRA mode.
(B) Particle size distribution. The particle number concentration in the
gas phase (N,) was acquired at each size step (10 s for each 0.2 nm)
using the ES-DMA-CPC (red dashed line). Subsequently, the particle
flow was redirected into the ICP-MS and the '°” Au signal intensity was
acquired at each time step (each 0.2 nm increase for 20 s) using the ES-
DMA/ICP-MS (blue solid line). Concentration of 30AuNPs was
~250 pgg ' (concentration factor=5)

CPC detector: the first peak at 9.4 nm is attributed to salt
residue observed in our previous studies [16, 25, 32], and
the second peak at 31.8 nm is assigned to the AuNPs. Using
a salt correction model described previously [25], the elec-
trical mobility diameter of 30AuNPs was determined to be
31.5 nm.

By combining the data obtained from the CPC and the
ICP-MS, the elemental composition of particles can be
identified in a size-dependent manner. After the CPC data
had been acquired, the direction of particle flow was
switched from the CPC toward the ICP-MS, and the '*’Au
signal intensity was acquired at each size step using the ES-
DMA/ICP-MS with the ICP-MS set to TRA mode. In
Fig. 4A, AuNPs are clearly distinguishable from the salt
residue, based on the coincidence of the peak (enlarged in
Fig. 4B) at 32 nm (CPC) and the '*’Au peak (ICP-MS).
However, there is no '°’Au signal corresponding to the peak
at 9.4 nm, confirming the peak consists only of salt residue
(mainly sodium =20 ppm and potassium =30 ppm found in
the 30AuNPs using the semi-quantitative mode of the ICP-
MS). Thus, this hybrid instrument can distinguish the com-
ponents in a mixed sample based on elemental composition
of size-separated particles.

The hyphenated method described here provides a prom-
ising way to resolve the issue of salt residue that frequently
occurs during ES-DMA analysis [25]. It is well known that
salt residue from the ES process interferes with ES-DMA
measurements; therefore, it is necessary to remove non-
volatile salts and add volatile ammonium acetate solution
prior to ES-DMA measurements. If the ES-synthesized
(artificial) salt particles have a size that is close to, or even
larger than, the size of the NP analyte, the number-based
PSD of the NPs will be obscured by the salt peak [25].
The ICP-MS detector, on the other hand, can successfully
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distinguish the population of artificial salt particles from
the AuNPs based on elemental analysis. Hence, we can
still measure an accurate PSD of NPs while avoiding the
deleterious effects of non-volatile salt removal (e.g.,
centrifugation-induced aggregation). Also, the capacity to
obtain mass-based PSD for comparison to the number-based
distribution provides the opportunity for a more sophisticated
analysis.

Measurement of the concentration of AuNPs in solution

This hyphenation system can also be used as a complemen-
tary technique for measuring the concentration of particles
in solution, N, i, a key factor related to the dose of NP-
based therapeutics. Since the particles we measured repre-
sent a small fraction of the population sampled by ES-DMA,
N,, 1 can be calculated by considering the charge distribu-
tion, transfer function, liquid flow rate, and other parame-
ters. We used 30AuNP suspensions at various concentration
factors (Np,, /Ny, 1, 0, Where N,, 1 ¢ is the as-received N, ) for
calibration. As shown in Fig. 5A, we obtain linear response
for both detectors: R°=0.9897 for the CPC and R°=0.9984
for ICP-MS. Because of the linear correlations, we were
able to determine the absolute number (by CPC) and mass
(by ICP-MS) concentrations of AuNPs in solution, with
appropriate calibration standard materials: PS standard col-
loid and NIST 8012 AuNP reference material, respectively.
PS standard colloid, with a known size and population, was
used to perform an external calibration of absolute number
of particles measured by ES-DMA-CPC. The N,, ; of
AuNPs in solution can be calculated using Eq. (5):

Ny 1,ps
Np,1 = Np,g X = (5)
Np,g.ps
2500 - . 1.8E+06
A A
2000
1.4E+06
—~
@
g 1500
~
¥* 9.0E+05
- A
< 1000 -
aCPC | 4.5E+405
500
0 ICP-MS
oC ‘ : ‘ 0.0E+00
0 1 2 3 4 5

Concentration Factor
Fig. 5 Quantitative analysis. (A) Calibration of AuNP suspensions

(using 30AuNPs) as a function of the concentration factor using ES-
DMA sample introduction into the CPC or into the ICP-MS. (B)
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where N, , is the gas-phase particle concentration before
size discrimination, which can be calculated by integrating
the full particle size distribution, after considering charge
correction and transfer function.[30, 37] N, o ps and N, i ps
are the N, , and N, | of PS, respectively (details of the
calculation of N, o, N, ¢ ps, and N, | ps are provided in the
ESM). Complementarily, the total mass of '*’Au in solution
can also be obtained by calibration with AuNP standard ref-
erence materials [51] (see Section 4 of the ESM). By measur-
ing the as-received sample (i.e., concentration factor=1), we
calculated the number and mass concentrations of AuNPs in
solution and obtained values of=2.0x 10" cm > and ~48 ppm,
respectively.

Measurement of the density of AuNPs

Next we calculate the number of Au atoms per particle and
the density of a single “average” particle from the results of
Fig. 4B. The number of '°’Au atoms per particle, Ny, can
be obtained by dividing the total '*’Au atoms present in
solution (Nay, tota1) by Ny, 1, s. The average density of a
AuNP, paunp, can then be calculated using Eq. (6):

NAu,total
Np,l,s xV

AuNP

p _ Naw
AuNP —

v,

AuNP

(6)

where Vaunp is the volume of a single AuNP. Assuming
that the AuNP is spherical (a reasonable approximation
in this case [51]), Fig. 5B shows the results of panp for
various concentration factors. Excluding the first outlier
(at concentration factor=0.2), the mean value for paunp 1S
19.6+2.0 gem >, which is in good agreement with the
literature value for bulk Au (19.3 gem ). The corresponding
Nau is ~(9.8+1.0)x10°. Reported uncertainties represent

B
25
_ 20 | BukAuvaue gy
(]
5
15
D
A
2 10
3
N
5
o |

0.2 0.5 1 2

Concentration Factor

Calculation of the average density of a AuNP (paunp) and number of
Au atoms per particle (N,,), based on the results of (A)
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the standard deviation of four measurements at different con-
centration factors.

The methodology proposed here would be very useful for
supporting other types of instrumentation requiring an ac-
curate value of particle density, such as disc centrifugation
and analytical centrifugation. For these centrifugation-based
measurement methods, the principle to differentiate particle
size is based on the mass of the NPs. However, the density
of NPs is usually unknown and always assumed to be equal
to the value of the corresponding bulk material. Although
our results show that AuNP density is close to the value of
bulk Au, this might not be true for other types of NPs, due,
for instance, to differences in synthetic processes. Take
amorphous silica NPs for example, the density can vary
from 1.8 to 2.3 gem > [52] and is generally less than the
bulk value (=2.65 gcm73).

Applications

The hybrid instrument developed in this study is applicable
to a broad range of NP-based materials, including environ-
mental, biological, medicinal, and energy-related materials.
There is an interest in analytical characterization of metal-
containing NP colloids, both engineered and naturally
occurring, for environmental studies of particle transport,
trace metal transport via NPs, and water quality effects [53,
54], in which accurate and precise characterization of the
size of particles and their aggregates, as well as their chemical
composition, is critical.

This hyphenated technique has limitations with respect to
the size range, concentration, and elements that can be
detected. For example, purely organic materials cannot be
quantified using ICP-MS. Depending on the DMA column
used, the ES-DMA can only classify particles in the size
range from =3 to =1,000 nm, but this covers most of the
nanoscale regime and many particles of technological inter-
est. In this study, the particle number concentration could be
calibrated up to a level equivalent to Au mass fraction of
~10 ugg . Because the detection limit of the batch ICP-MS
is much lower, with ES-DMA upstream classification, we
can obtain the elemental composition of “size-defined” NPs
(e.g., £0.3 nm in diameter for 30AuNP). This will be espe-
cially useful for analyzing the elemental composition of NP
samples having different mobility sizes (e.g., 10AuNPs
mixed with 30 nm SiO, NPs) or the AuNPs containing
impurities that are size dependent.

Conclusions
We have developed a prototype hyphenated instrument to

characterize liquid-dispersed NPs based on upstream size
separation coupled with quantitative elemental analysis and

particle counting. A modular GED can improve conversion
of air flow from the ES to Ar flow for ICP-MS analysis and
also expand the operational size range for the hyphenated
technique. By combining the data obtained from the CPC
and the ICP-MS using ES-DMA sample introduction, the
hybrid instrument can provide real-time results on particle
size distributions with quantitative elemental composition,
population of NPs in solution, the number of atoms per
particle, and the average density of individual NPs. This is
a powerful measurement technique for the simultaneous char-
acterization of particle size and elemental composition, with
relevance for a wide range of nanotechnology applications.

Current work is focused on optimization of methodol-
ogy for analysis of more complex NP systems, such as
core/shell particles and particle-ligand conjugates, thus
expanding the technique to a broader range of real-world
applications. Specific issues requiring further research
include reduction of the air (particularly O,) content,
which interferes with the determination of S and other
key elements, and validation of calibration methods for a
broader range of nanomaterials.
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