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ABSTRACT: Nanotechnology has provided novel modalities for the delivery of
therapeutic and diagnostic agents. In particular, nanoparticles (NPs) can be
engineered at a low cost for drug loading and delivery. For example, silica NPs
have proven useful as a controlled release platform for anti-inflammatory drugs.
Despite the wide-ranging potential applications for NPs, robust characterization
across all size ranges remains elusive. Electron microscopy (EM) is the
conventional tool for measuring NP diameters. However, imitations in
throughput and the inability to provide comprehensive information on physical
properties, such as mass and density, without underlying assumptions, hinder a
complete analysis. In addition, assessing sample heterogeneity, aggregation, or
coalescence in solution by traditional EM analysis is not possible. Resistive-pulse
sensing (RPS) provides a high throughput, solution-phase method for characterizing particle heterogeneity based on volume.
Complementing these methods, charge detection mass spectrometry (CD-MS), a single particle technique, provides accurate mass
information for heterogeneous samples including NPs. By combining EM, RPS and CD-MS, accurate volume, mass, and densities
were obtained for silica NPs of various sizes. The results show that the density for 20 nm silica NPs is close to the density of fused
silica (2.2 g/cm3). Larger silica NPs were found to have densities that were either smaller or larger, while also falling outside the
range of densities usually found for silica colloids and NPs (1.9−2.3 g/cm3). Lower densities are attributed to pores (i.e., porous
particles). For one sample, the mass distribution showed two components attributed to two populations of particles in the sample
with different densities. The synergistic combination of EM, RPS, and CD-MS measurements outlined here for NP samples, allows
much more extensive information to be obtained than from any of the techniques alone.

■ INTRODUCTION
Nanoparticles (NPs), 1−100 nm in diameter, have a growing
impact in healthcare as they provide better delivery vehicles for
therapeutic and diagnostic agents. There are currently over 30
NP therapeutics in clinical use, in addition to other NP agents
in the preclinical and clinical phases of drug development.1 A
recent breakthrough was the use of lipid-nanoparticles as a
drug delivery vehicle for the SARS-CoV-2 mRNA vaccine.2

NPs reduce degradation by host enzymes, offer controlled drug
release, and have the ability to be functionalized with small
molecules for precision targeting of the optimum site for
release.3−5 Silica NPs perform similar functions in drug
delivery with an advantage in structure tunability and
established strategies for numerous surface modifications.6−8

One example of silica as an effective drug delivery system is the
slow, controlled release of an anti-inflammatory drug such as
ibuprofen.9,10

Silicon dioxide or silica is a model metal-oxide system as it is
biocompatible, has low toxicity, and is stable both chemically
and thermally. Silica has shown unique advantages in the field
of nanomedicine, as seen in the engineering of silica particles

to load and deliver drugs to cancer cells and to deliver gene
therapies to treat genetic diseases.11−14 Surface capping agents
have been developed that allow applications as diverse as facile
transport across the blood−brain barrier and decreased viral
transduction.15,16 Silica has also been modified to a
mesoporous form that has had applications in catalytic
components, nanodevices for controlled delivery, and nano-
scopic reactors and containers.17−22 Applications of silica NPs
have also emerged in the oil and gas industry where drag
reduction in porous media has led to enhanced oil recovery
and the reduction of water invasion in shale.23

Traditional methods to determine the size of NPs include
several ensemble averaging methods such as various light
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scattering techniques.24 Dynamic light scattering characterizes
particles based on Brownian motion and provides quick sample
characterization. However, accurate measurements for particles
below ∼50 nm can be challenging.24−26 In addition, ensemble
averaging of NPs results in a loss of information regarding the
heterogeneity of the sample as infrequent events often are
misrepresented.27 Single-particle characterization techniques
are better suited to providing insight into a sample’s
heterogeneity. With recent advances in nanotechnology
applications, the need for analytical tools that provide robust
and accurate characterization of NP heterogeneity for various
physical properties such as size, mass, and density are of high
importance.
Electron microscopy (EM) is a routine analytical tool for

single particle size determination for NPs. Transmission
electron microscopy (TEM) analysis has allowed for the
statistical investigation of a large range of NP sizes, but a
critical property that cannot be determined from TEM is an
accurate mass or density. The bulk density of fused silica is
2.203 g/mL. However, silica NPs do not necessarily have the
same density. Kimoto and colleagues recently showed that
silica NPs ranging from 40 to 200 nm had an average density of
1.9 g/mL.28 Determining how the densities of silica NPs vary
depending on the synthetic method can provide insight into
physical properties such as packing density, core porosity, and
particle deformation; all important characteristics for sample
preparation and formulation for future applications.
While TEM can provide insight into particle size

distributions, it is not a high-throughput technique, and it
provides information in a 2D projection, so volume
determinations are qualitative at best. Resistive-pulse sensing
(RPS),29,30 on the other hand, is a volume-based measurement
where particle counts of >1000 counts min−1 can be
achieved.31 In RPS, the particle volume is determined from
the volume of electrolyte displaced as the particle passes
through a nanopore. When a particle enters a nanopore, the
displaced electrolyte results in a change in current with respect
to the baseline current through the pore (Δi/i) that is
proportional to the displaced volume and hence the volume of
the analyte. Multiple pores can be placed in series,32,33 and
signal averaging for each particle enhances the overall
resolution.34 As a single particle technique, RPS can provide
insight into true heterogeneity of a sample, and this
information is determined directly for samples while in
solution, providing a method with no possibility for image
biasing.
Combining the size and volume information from TEM and

RPS, respectively, with an accurate mass measurement yields
an accurate density. In general, mass distributions for NPs
cannot be measured by conventional mass spectrometry
because of the inability to resolve charge states due to the
inherent heterogeneity of these samples. However, charge
detection mass spectrometry (CD-MS) has been used to
measure the mass of NPs greater than 70 nm.35−37 CD-MS
does not require charge state deconvolution as both the mass-
to-charge (m/z) and charge (z) are measured simultaneously
for each ion to give a mass distribution for even the most
heterogeneous analyte.38−50 Combining the single particle
mass measurement of CD-MS with the particle volume
measurements obtained by RPS allows a precise measurement
of silica NP density. The results show that the density varies
with particle preparation method and size.

■ EXPERIMENTAL METHODS
Silica NPs. Commercial silica NP samples (nominally 20,

30, and 50 nm diameter) were purchased from nanoComposix.
All samples were approximately 5 mg/mL in DI water and
diluted 10−100 times with acetic acid solution for electrospray.
In addition, silica NPs were synthesized in-house using
established protocols detailed elsewhere.51 Seed particles
were prepared by the sequential addition of 54.6 mg of L-
arginine (99.5%, Sigma-Aldrich), 41.4 g of water, and 3.13 g
TEOS (98%, Acros Organics) into a 125 mL Erlenmeyer flask.
The solution was stirred at 500 rpm and held at 60 °C for 24 h.
The seed particles (14.2 ± 1.7 nm in diameter) were then

used to prepare the other sizes of silica NPs discussed herein
(see Table 1). To synthesize larger particles, 87 mg L-arginine

was first mixed with the appropriate amount of water, ethanol,
and seed solution. Subsequently, TEOS was injected rapidly
while stirring at 500 rpm. The reaction mixture was kept at 60
°C for 24 h. The particles were precipitated by adding twice
the volume of acetone, centrifuged at 4000 rpm for 3 min, and
redispersed in 20 mL of ethanol. One additional purification
was performed by adding 40 mL of acetone, centrifuging at
4000 rpm for 3 min, and then redispersing in water to a
concentration of 5 mg/mL. The synthetic details are
summarized in Table 1.

Electron Microscopy. TEM images were acquired with a
JEOL JEM-1400 at an accelerating voltage of 120 kV. TEM
grids were prepared by drop-casting a NP dispersion onto a
carbon-coated copper grid and allowing the sample to dry in
air. Particle size distributions were obtained from statistical
analysis of TEM images. Over 200 particles were detected and
analyzed with a custom MatLab script (Mathworks, Inc.).
Images of commercial NPs were acquired with a scanning

electron microscope (SEM) (Auriga 60 Crossbeam, Carl Zeiss,
GbmH) with an acceleration voltage of 2.00 kV. A 0.5 μL
aliquot of particles, suspended in H2O, was drop-cast onto a Cr
coated coverslip and dried at 60 °C for 30 min prior to
imaging. Over 200 particles were analyzed by measuring their
horizontal lengths with ImageJ Micro-Manager 2.0.

Resistive-Pulse Sensing. The nanofluidic devices were
fabricated as previously described (see Figure S1a).34,52 The
microchannels were etched to a depth of 8 μm and measured
with a stylus-based profiler (KLA Tencor T-7). Nano-
fabrication was completed with the Auriga 60 Crossbeam.
Focused ion beam milling was controlled by a nanopatterning
and visualization engine (Fibics, Inc.), and milled structures
were imaged with the SEM. All nanochannels and nanopores
were milled with a beam current of 50 pA at 30 kV. The
nanochannels prior to the first pore and between each pore
were milled with a dose of 1.58 nC/μm2. The nanopores were
milled at 0.45 nC/μm2 to a width of 75 nm (20 nm silica), 0.6
nC/μm2 to a width of 105 nm (50 nm silica), or 0.7 nC/μm2

to a width of 115 nm (70 nm silica) with pore lengths of 600
nm. A nanofilter was placed upstream from the detection
region to minimize clogging (see Figure S1b). The nanofilter

Table 1. Reaction Conditions for Different Sized Silica NPs

NP diameter (nm)a seed (mL) water (g) ethanol (g) TEOS (mL)

19.6 ± 1.1 nm 14.1 27.0 65.8 1.9
42.5 ± 3.2 nm 0.96 24.5 62.9 1.3
72.5 ± 4.0 nm 0.56 24.5 62.9 2.8

aDetermined by TEM.
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contained five or six parallel nanopores that had the same
dimensions as the pores in the detection region. Glass devices
were then cleaned, bonded, and annealed.
Prior to running samples, each device was sequentially

flushed with H2O, 0.1 M NaOH, and H2O for 10 min each.
Silica NP samples were sonicated for 5 min prior to being
loaded onto the microfluidic channels. RPS measurements
were recorded in 50 mM HEPES with 1 M NaCl and 0.01%
Tween-20 at pH 7.5 with a 1.0 V potential applied from an
Axopatch 200B (Molecular Devices, Inc.) at a 100 kHz
sampling frequency, a gain of α = 2, a head stage amplification
of β = 0.1, and a low-pass filter frequency of 10 kHz. For 50
and 70 nm silica particles, three-pore systems (see Figure S1c)
with dimensions of 105 × 120 × 600 nm and 115 × 160 × 600
nm (W × D × L), respectively, were used to characterize
particle distributions. For 20 nm silica particles, a two-pore
system with dimensions of 60 × 75 × 600 nm was used.
Nanopore depths were confirmed with an atomic force
microscope (AFM; MFP-3D, Asylum Research, Inc.).
Reducing the sensor to a two-pore system improves the limit
of detection when compared to a three-pore system.34

Measurement times were typically an hour and the resolving
power is around 25 for the measurements reported here.
All data were imported into MatLab R2020b, and current

pulse amplitude (Δi), pulse width (w), and baseline current (i)
were extracted from the raw data with a modified version of
Open Nanopore 1.4.53 The pulse amplitudes from each set of
pulses was averaged, divided by the baseline current, and
multiplied by 100 to report the relative pulse amplitude (Δi/i)
as a percentage. The T = 3 and T = 4 capsids of hepatitis B
virus (HBV)52 were used as calibration standards for the
resistive-pulse measurements. The T = 3 and T = 4 capsids of
HBV have zeta potentials of approximately −10 mV and
equivalent diameters of 25 and 28 nm, respectively, when
measured in the 50 HEPES with 1 M NaCl at pH 7.5. The
ratios of the current pulse amplitudes for T = 3 and T = 4
capsids are similar for measurements in 50 mM HEPES with
0.4, 0.75, and 1 M NaCl at pH 7.5.
Charge Detection Mass Spectrometry. All samples were

electrosprayed (using positive mode) with a commercial chip-
based nanospray source (Advion Triversa Nanomate) into our
updated prototype CD-MS instrument described in detail
elsewhere.42,54 Briefly, ions enter the instrument through a
metal capillary where they are desolvated and thermalized in an
ion funnel/ion carpet hybrid known as a FUNPET.36 Ion
energies are set upon exiting the RF only hexapole and after a
series of ion optics, the ions enter an electrostatic linear ion
trap (ELIT) based on the cone trap design.55 Ions oscillate
back and forth passing through a conducting cylinder housed
within the ELIT. As trapped ions pass through the cylinder,
they induce a charge which is detected by a charge sensitive
amplifier. The periodic signal is amplified, digitized, and then
analyzed by a series of discrete fast Fourier transforms.43,50

The frequency of the periodic signal is related to the mass-to-
charge (m/z) and the magnitude of the signal is related to the
charge (z). The simultaneous measurements of m/z and z
allow for a direct determination of the NPs’ mass. Measure-
ments are performed for thousands of ions, and then, the
results are binned into a mass histogram. Mass versus charge
scatter plots for each sample are given in Supporting
Information (Figure S5). The prototype CD-MS instrument
used for these studies employs a cone trap. It has a relatively
low mass resolving power of 50−100 (depending on the charge

and m/z). Only single ion trapping events are analyzed with
the prototype CD-MS instrument, leading to data acquisition
times of around an hour. Much higher mass resolving powers
and much shorter measurement times are available on newer
CD-MS instrument designs.56,57

■ RESULTS AND DISCUSSION
Size and Density of 19 nm Silica NPs. Sample 1, silica

NPs of nominally 19 nm in diameter, synthesized by seeded
growth, were analyzed by TEM and CD-MS. For CD-MS, the
samples were diluted immediately before electrospray with an
electrospray compatible solution (ammonium acetate). Figure
1a shows CD-MS mass measurements for over 3600 silica NPs.

The resultant mass distribution shows four separate
populations. Average masses (5.1, 10.5, 16.1, and 21.5 MDa,
respectively) were determined by fitting Gaussians to the four
peaks. The most abundant peak at 5.1 MDa is attributed to the
∼19 nm silica NPs. The higher mass peaks, separated by an
average mass increment of 5.4 MDa, are attributed to
aggregates of the ∼19 nm NPs. TEM images showed no
evidence that particles had combined to form aggregates
during synthesis. The boundaries of the particles are well-
defined and there are no “dumbbell” shaped morphologies in

Figure 1. Distributions for 19 nm silica NPs prepared by seed
mediated growth. (a) CD-MS mass distributions. The dashed-dotted
line shows the sum of Gaussians fit to determine the average mass for
each component. (b) Diameter distributions determined from the
TEM images (blue histogram) and from the mass measurements
(orange histogram) with the bulk density (see text). The bin size is 1
nm. The inset in (a) shows portion of a representative TEM image
used to determine the diameters. The total numbers of particles
analyzed were >3600 for CD-MS and >900 for TEM.
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the TEM images. To explore whether aggregation occurred
during sample storage, the samples were gently sonicated for 5
min, and then, the CD-MS spectra were remeasured. Gentle
sonication resulted in a noticeable reduction in the higher mass
particles (see Figure S2) indicating that the higher mass peaks
result mainly from weakly bound aggregates that form during
sample storage. Some aggregation could also occur during the
electrospray process.
Analysis of over 900 silica particles in the TEM images

yielded an average diameter of 19.4 nm with a full width at
half-maximum (fwhm) of 3.4 nm. The distribution of particle
diameters is shown in Figure 1b as the blue shaded histogram.
By combining the mass obtained by CD-MS with the density
of the silica NPs, a diameter for each NP can be calculated
from

=d
m6

1/3i
k
jjjj

y
{
zzzz

(1)

where m is the particle mass and ρ is the density. Silica colloids
or NPs have been reported to have a range in densities from
1.9 to 2.3 g/cm3.28,51 As a starting point, we used the density of
fused silica (2.203 g/cm3). The mass to diameter conversion
using eq 1 was performed for each ion in the mass distribution,
and then, the results were binned into a histogram of
diameters. We only took ions from the lowest mass distribution
in Figure 1a. The result is shown in Figure 1b as the orange
histogram. The average diameter determined in this way is 19.4
nm, and the fwhm is 2.3 nm. Comparison of the TEM and
CD-MS diameter distributions in Figure 1b shows that the
centers of the distributions are statistically identical. On the
other hand, the width of the distribution determined by TEM
is slightly broader than that obtained by CD-MS. The broader
distribution from the TEM analysis is probably a result of
imprecision introduced by the TEM image analysis (i.e., the
difficulty in accurately defining the particle edges) and because
the particles are not perfectly spherical. The fact that the
distributions are centered on the same diameter indicates that
the density of the silica NPs is very close to the density for
fused silica (2.203 g/mL) and within the range previously
reported for colloidal silica (1.9−2.3 g/cm3).28,51

Analysis of 22 nm Silica NPs by RPS, TEM, and CD-
MS. TEM does not allow high throughput sampling and does
not provide direct information about how analytes behave in
solution. In addition, TEM provides a 2D projection and most
NPs are not perfectly spherical. RPS, on the other hand, can
perform high throughput measurements and probes samples
directly in solution, providing information about particle
interactions in solution during sample analysis as well as
providing a more direct volume measurement. As RPS is a
single particle detection method, information about sample
heterogeneity can also be determined, and as shown here, RPS
can also provide information on particle densities when
coupled with CD-MS measurement of the mass.
The CD-MS mass distribution measured for sample 2, a ∼22

nm diameter commercial product, is shown in Figure 2a. There
are two main components. The lower mass, more abundant
peak is attributed to 22 nm silica NPs, and the higher mass
peak is assigned to dimers. The 22 nm sample shows less
aggregation than the 19 nm sample discussed above (compare
Figures 1a and 2a). The dashed-dotted line in Figure 2a shows
a Gaussian fit to the two main peaks present in this
distribution. The average mass of the main component is 7.5

MDa. The average mass of the peak attributed to the dimer is
14.5 MDa, slightly less than twice the average mass of the
monomer. Figure 2b shows the diameter distribution obtained
from the CD-MS mass distribution with eq 1 and the bulk
density of fused silica. The average diameter for the main
component is 22.2 nm, and the fwhm is 3.9 nm. The average
diameter given in the certificate of analysis was 22.2 nm (blue
line in Figure 2b). The average diameter from the certificate of
analysis (obtained from analysis of TEM images for 100
particles) and the average diameter from the CD-MS masses

Figure 2. Distributions measured for commercial 22 nm silica NPs.
(a) CD-MS mass distributions. The dashed-dotted line shows the sum
of Gaussians fit to the two main components. (b) Diameter
distribution (orange histogram) obtained from the mass distribution
in (a) (see text). The bin size is 1 nm. The blue line shows the
average diameter from the manufacturers certificate of analysis
(determined from TEM measurements). (c) RPS data. Distributions
of the 20 nm silica NPs (black) compared to HBV standard (overlaid
purple). Total counts were ∼300 and 1700 for RPS of silica and the
standard, respectively, and >4000 for CD-MS.
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with the density of bulk fused silica are in close agreement
indicating that the density of the silica NPs is close to the
density of fused silica and within the range previously reported
for colloidal silica.
In RPS, particles are detected from the volume of the

electrolyte displaced by the particle. When the particle is inside
a nanopore, the displaced electrolyte causes a reduction in the
current traveling through the nanopore. The reduction is
proportional to the volume of the particle and is represented
by the relative pulse amplitude, Δi/i, where i is baseline current
and Δi is the decrease in the current as the particle passes
through the nanopore. The transmission of a particle through
the nanopore leads to a pulse in Δi/i, or series of pulses for
devices with more than one nanopore in series (see Figure
S1c). RPS data for sample 2 are shown in Figure 2c. The black
distribution shows particle counts plotted against Δi/i. With
standards of known volume, the Δi/i values measured for the
silica particles can be translated into volumes from which the
average diameter can then be determined for each particle. The
standard used in this case is HBV capsids. The truncated HBV
capsid protein Cp149 assembles to give icosahedral T = 3
capsids with 180 capsid proteins (26 nm) and T = 4 capsids
with 240 capsid proteins (29 nm).58,59 The RPS data measured
for the HBV standard is shown as the overlaid purple
distribution in Figure 2c. The equivalent diameters of the T
= 3 and T = 4 capsids measured with RPS are 25 and 28 nm,
respectively, which correspond well with the diameters
measured by EM, 26 and 29 nm.
In 1 M NaCl, the zeta potentials of the T = 3 and T = 4

capsids are relatively low, approximately −10 mV, and the 22
nm silica particles have a smaller zeta potential because their
electrophoretic mobility, estimated from the dwell time in the
nanopore, is lower than the HBV capsids. Moreover, the ratios
of the pulse amplitudes of the T = 3 and T = 4 capsids
measured in 0.4, 0.75, and 1 M NaCl are similar. Thus, it is
appropriate to treat the 22 nm silica particles as nonconducting
spheres for analysis of the RPS data.
With the standards outlined above, the Δi/i values for the

silica particles can be converted into diameters. The peak
center for the silica NPs at Δi/i = 0.178 corresponds to a
diameter of 22 nm, and the fwhm is 5 nm. There is also a small
population for the silica NPs at Δi/i of 0.258 which aligns well
with the small peak at 14.5 MDa in the CD-MS mass
distribution. While the average particle diameters obtained
from TEM and RPS align, the RPS measurements indicated a
higher concentration of larger particles than the CD-MS
results.
Analysis of 50 nm Silica NPs by RPS, EM, and CD-MS.

Silica NP sample 3, a 50 nm commercial sample, had a
measured diameter of 51 ± 2 nm according to the certificate of
analysis (based on 100 particles imaged with TEM). The
measured CD-MS mass distribution is shown in Figure 3a.
Only a single component is evident in the mass distribution.
The average mass determined from a Gaussian fit to the
measured distribution (dashed-dotted line in Figure 3a) is 82.5
MDa. The diameter distribution obtained from the CD-MS
mass distribution with the density of fused silica (2.203 g/cm3)
is shown in Figure 3b. The distribution is centered at 49.2 nm
and has a fwhm of 5.0 nm. As shown in Figure 3b, the diameter
obtained from the TEM analysis (blue line) is slightly larger
than the center of the distribution obtained from the CD-MS
masses. This difference may indicate that the density of the 50
nm silica NPs is slightly less than the density of fused silica. A

low density may result because the particles are porous.17,19

Pores facilitate adsorption and controlled release of a cargo,
and pores of various size regimes have been classified for silica
NPs; macroporous particles have pores greater than 50 nm,
mesoporous range from 2 to 50 nm, and microporous particles
have pores less than 2 nm.
Figure 3c shows the results for RPS analysis of the 50 nm

silica NPs. 1144 particles were analyzed in around 30 min, and
the figure shows the distribution of Δi/i values. The peak in
the distribution corresponds to a diameter of 47 nm. In
addition, there is a broad tail extending to higher Δi/i values.
Thus, RPS measurements provide a diameter of 47 nm, CD-
MS using the density of fused silica provides a diameter of 49

Figure 3. Analysis of 50 nm silica NPs commercial sample. (a) CD-
MS mass distribution with a Gaussian fit (black dashed-dotted line).
(b) Diameter distribution obtained from the mass distribution in (a)
with the bulk density (see text). The blue line shows the average
diameter obtained by TEM (from the certificate of analysis). (c) RPS
distribution for the 50 nm silica NPs. Total counts were >6600 for
CD-MS and >1100 for RPS.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.4c02901
Anal. Chem. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.4c02901/suppl_file/ac4c02901_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.4c02901/suppl_file/ac4c02901_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c02901?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c02901?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c02901?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c02901?fig=fig3&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.4c02901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


nm, and TEM provides a diameter of 51 nm (according to the
certificate of analysis). To shed light on these differences, we
used SEM to determine the particle diameters. An average
diameter of 46.3 nm was obtained with a distribution fwhm of
9.3 nm (see Figure S3). Several dumbbell-like particles are
evident in the SEM images (see Figure S3a), raising the
possibility that they are responsible for the high Δi/i tail seen
in the RPS measurements. However, that these structures are
strongly bound seems unlikely because they are absent in the
CD-MS measurements. They may be weakly bound aggregates
that are present in solution and detected by RPS but do not
survive the electrospray process and, hence, are not detected
by CD-MS. The differences between the values obtained for
the average particle diameters may partly reflect the different
methods used to determine them. The values obtained from
the CD-MS mass measurements depend on the particle density
which may not be the same as the bulk value for fused silica
(see below). The diameters obtained from EM (TEM and
SEM) depend on accurate detection of NP edges. Also, the
images are 2D projections and in 3D, the particles may not be
perfectly spherical. For RPS, which is sensitive to particle
volume, there is again the issue that the particle may not be
spherical. Both RPS and SEM indicate that the average particle
diameter is 46−47 nm. If we accept this value and combine it
with the average mass determined by CD-MS, an average
density of 2.53 g/cm3 is obtained, which is outside the range
previously reported for silica colloids and NPs (1.9−2.3 g/
cm3).28,51 However, the density of quartz is 2.65 g/cm3 so the
high density obtained for the NPs with an average diameter of
47 nm could result because these silica NPs are more
crystalline.
Analysis of 40 nm Silica NPs by EM and CD-MS.

Sample 4, generated in-house by seed mediated growth, has
three abundant peaks in the CD-MS mass distribution at 40.4
MDa (fwhm 8.6 MDa), 59.5 MDa (fwhm 11.4 MDa) and 75.1
MDa (fwhm 11.8 MDa) (see Figure 4a). The peak at 75.1
MDa is just under twice the mass of the 40.4 MDa species, so
it is probably due to a dimer. The broad high mass tail
extending past 100 MDa could also be due to aggregates.
However, the peak at 59.5 MDa cannot be an aggregate of the
peak at 40.4 MDa. Thus, the mass distribution for this sample
appears to contain two components in addition to the higher
mass aggregates.
A representative TEM image is shown in the inset in Figure

4a. An expanded view of this image and two other images are
shown in Supporting Information. The blue histogram in
Figure 4b shows the diameters determined from analysis of
TEM images. The average diameter is 41.5 nm with a fwhm of
4.2 nm. There is a small component at a higher diameter
(around 47.5 nm). The orange histogram in Figure 4b shows
the size distribution obtained when the mass distribution in
Figure 4a is converted into a diameter distribution with the
density of fused silica (2.203 g/cm3). Diameters corresponding
to 38.8 nm (fwhm 2.8 nm) and 44.1 nm (fwhm 2.9 nm) are
found along with larger diameters attributed to aggregates. The
two lower mass components from the mass distribution have
diameters (38.8 and 44.1 nm) that bracket the average
diameter found from the TEM measurements (41.5 nm). Only
a single size distribution was observed in the TEM studies,
though we cannot rule out the possibility that there are two
size distributions that overlap and cannot be resolved. The
fwhm of the TEM size distribution is relatively small (4.2 nm),

so the two size distributions (if they exist) must have average
sizes that are quite similar.
With the average TEM diameter of 41.5 nm, the peaks in the

mass distribution at 40.4 MDa and 59.5 MDa lead to average
densities of 1.67 and 2.46 g/cm3, respectively. Both densities
lie outside the range previously observed for silica colloids or
NPs (1.9−2.3 g/cm3).28,51 The lower diameter particles in the
TEM diameter distribution may make up the 40.4 MDa peak
in the mass distribution, and the higher diameter particles may
make up the 59.5 MDa peak in the mass distribution. This
situation would raise the average density for the 40.4 MDa
peak and lower the average density for the 59.5 MDa peak to
the point where the average densities may lie inside the range
previously observed for silica colloids and NPs. Regardless,
these 40 nm silica particles clearly cannot be characterized by a
single average density and the measurements indicate that
there are two types of 40 nm silica NP with different densities.
One plausible explanation for the different densities is that
there porous and nonporous subpopulations. These results
illustrate the importance of performing both CD-MS mass and
size measurements to characterize NPs. In this case the TEM
size distribution showed a single component while the CD-MS
mass distribution showed two mass distributions with slightly
different masses.

Analysis of 70 nm Silica NPs by RPS, EM, and CD-MS.
Sample 5 was generated by seeded growth and had an average
diameter of 71.6 nm with a fwhm of 5.3 nm from >250
particles analyzed from TEM images (Figure 5a,b). A similar

Figure 4. Analysis of 40 nm silica NPs generated by seed mediated
growth. (a) CD-MS mass distribution with a sum of four Gaussians fit
(black dashed-dotted line). (b) Diameter distribution obtained from
the mass distribution in (a) with the density of fused silica (see text)
(orange). The blue histogram shows the average diameter obtained by
TEM. Total counts were >4000 for CD-MS and >250 for TEM.
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average particle diameter was obtained from RPS measurement
of >700 particles (see Figure 5c).

The mass distribution for the 70 nm silica NPs is shown in
Figure 5a. The distribution is close to Gaussian. It is centered
on 176.5 MDa and has a fwhm of 33.1 MDa. The diameter
distribution determined from the measured masses with the
density of fused silica (2.203 g/cm3) is shown in Figure 5b.
The center of the distribution is at 63.36 nm, and the fwhm is
4.04 nm. Thus, the average diameter obtained from the masses

with the density of fused silica is much smaller than the average
diameters obtained from the TEM and RPS measurements. A
silica NP with a diameter of 73 nm would have a mass of 274
MDa if it had the same density as fused silica (2.203 g/cm3).
The measured mass is 176.5 MDa, indicating that the average
density of these silica NPs is 1.44 g/cm3, 65% of the average
value for fused silica, and outside the range previously observed
for silica NPs (1.9−2.3 g/cm3). Such a low density indicates
that the particles are highly porous.
Table 2 shows a summary of the results for the five silica

samples discussed above (three synthesized by seed mediated

growth and two commercial products), and one additional
sample (27 nm commercial) not discussed above. Diameters
obtained by RPS and EM are given, along with the average
masses and average charges determined by CD-MS. The
average charge increases systematically with particle diameter
and the particles synthesized in house and the commercial
samples have similar size dependent behavior. Charge versus
mass scatter plots for the NP samples discussed above are
given in Figure S5.
The main limitation to the accuracy of the density

measurements determined using the approach described here
is the particle diameter, not least because it enters into the
equation for the density as the cube. The mass distribution
measured by CD-MS is accurate and unambiguous. However,
the diameter determined from EM is subject to uncertainty
because the particles are not perfectly spherical and because of
the difficulty in defining the particle edges. RPS, which
provides a volume-based measurement, should, in principle,
provide a better estimate of the particle diameter.
For samples 1 and 2, 19 nm synthesized and 22 nm

commercial particles, respectively, the densities are close to the
density of fused silica. For the 50 nm commercial product, RPS
and SEM provided diameters of 46/47 nm, considerably
smaller than the 51 nm value determined by the manufacturer
using limited TEM analysis. Using the smaller diameter and
the measured mass led to a density of 2.53 g/cm3, which is
outside the 1.9−2.3 g/cm3 range previously found for silica
colloids and NPs.28,51 Sample 4, synthesized by seed mediated
growth, was unusual in having two primary mass peaks, but
only a single prominent peak in the TEM diameter
distribution. These observations suggest that sample 4 contains

Figure 5. Analysis of 70 nm silica NPs prepared by seed mediated
growth. (a) Mass distribution of the NPs. The dashed-dotted line
shows a Gaussian fit to determine the average mass and fwhm. (b)
Diameter distribution determined from the masses in (a) with the
density of bulk fused silica (orange histogram). The blue histogram
shows the diameter distribution obtained from analysis of the TEM
images. The inset in (a) shows a representative TEM image used to
determine the TEM diameter distribution. (c) RPS distribution of the
70 nm silica sample. Total counts were >700 for RPS and CD-MS and
>250 for TEM.

Table 2. Summary of RPS, EM, and CD-MS Measurements
and Calculated Densities for Silica NP Samples

sample source
average diameter

(nm)

average
mass
from

CD-MS
(MDa)

average
charge
from

CD-MS
(e)

density
(g/cm3)

EM RPS

1 synthesized
in-house

19.4 5.1 86 2.20

2 commercial 22.2a 22 7.5 101 2.20
3 commercial 46.3/51a 47 82.5 417 2.53
4a synthesized

in-house
41.5 40.4 299 1.67

4b synthesized
in-house

41.5 59.5 373 2.46

5 synthesized
in-house

71.5 73 177.0 688 1.44

NDb commercial 27a 14.7 156 2.37
aDetermined by manufacturer. bNot discussed above.
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two types of silica NPs with different densities. One plausible
explanation for the different densities is that there are porous
and nonporous subpopulations. Finally, sample 5, generated by
seed mediated growth had an average diameter of 72 nm by
TEM and 73 nm by RPS. The mass distribution showed a
single prominent peak at 177 MDa. The average mass and
average diameter led to a density of 1.44 g/cm3, which is
outside the 1.9−2.3 g/cm3 range normally found for silica
colloids and NPs.28,51 The low density suggests that these NPs
contain pores or voids.
While sample 4 contains two types of silica NPs with

different densities, for the other samples investigated here a
single density is deduced from the average mass and average
volume obtained from different experiments. However, even
for samples where a single average density is deduced, it is
unlikely that the particles all have the same densities. The
particles in all of the samples probably have a distribution of
densities, just as they have a distribution of masses and
volumes. The density distribution would be revealed by single
particle measurements of mass and volume for individual
particles. Such a correlated measurement is not possible using
the approach described here.

■ CONCLUSIONS
NP size distributions are usually characterized by TEM. In this
work, in addition to EM based methods, we have also
employed RPS, a technique that measures particle volume, and
CD-MS, a method that determines the NP mass distributions.
Most of the samples examined here showed a single prominent
peak in the diameter distribution, and the average diameters
obtained from EM and RPS were similar. Sample 3 was the
exception. In this case, the average particle size determined by
the manufacturer using TEM was significantly larger than the
average diameter determined with RPS and SEM.
By combining the average diameter with the average mass,

the NP density can be determined. For the smallest silica NPs
(samples 1 and 2 at 19 and 22 nm, respectively) the densities
were in close agreement with the density of fused silica (2.203
g/cm3). For larger particles we found examples where the
densities were smaller and larger than 2.203 g/cm3 and fall
outside the range of densities usually found for silica colloids
and NPs (1.9−2.3 g/cm3).49,50 For one sample (sample 4) the
diameter distribution showed a single component, and the
mass distribution showed two peaks. These results suggest that
the sample contained two populations of silica NPs with
different densities. Taken together, the results show that much
more in-depth information can be obtained from a
combination of EM, RPS, and CD-MS than can be obtained
from any single method alone.
Density is one of the most important physical properties for

atmospheric aerosols, particles with sizes between several
nanometers and microns, because it influences their transport
properties and radiative forcing. Particle density is also needed
to convert ambient particle number densities to mass
concentrations that are related to visibility and air quality.
Because of the difficulty of measuring the density for aspherical
aerosol particles, measurement of the effective density has been
adopted as an alternative. A variety of techniques have been
developed to measure the effective density.60 For example, the
combination of a differential mobility analyzer, centrifugal
particle mass analyzer, and condensation particle counter has
been frequently used to analyze aerosols emitted from vehicles
and biomass combustion. The use of mobility-based methods

to determine particle size (the orientationally averaged
collision integral) could be combined with CD-MS measure-
ment of the mass. Furthermore, this combination could be
performed in a correlated manner where size and mass are
measured for individual particles, so that a density distribution
could be determined.
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