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Abstract: Employing single nanoparticle detection with a labora-
tory-built high-sensitivity flow cytometer, we developed a simple
and versatile platform that is capable of detecting the surface
plasmon resonance scattering of gold nanoparticles (GNPs) as
small as 24 nm, differentiating GNPs of different sizes, and
providing accurate quantification of GNPs. Low-concentration
samples (fM to pM) in small volumes (uL) can be measured in
minutes with an analysis rate of up to 100—200 GNPs per second.
Among these features, absolute quantification provides a distinct
advantage because it does not require standard samples.

Gold nanoparticles (GNPs) have recently attracted enormous
atention in medical, bioandytica, and cataytic applications due to
their unique optical, physical, and chemica properties.* 3 Accurate
size and concentration measurements of GNPs are vitd to the quality
control of GNP synthesis, surface functiondization, and assay develop-
ment. Transmission electron microscopy (TEM) isthe most commonly
used method for GNP morphology characterization. Dynamic light
scattering (DL S), an ensemble-averaged photon correlation approach,
allows rapid and sengitive size measurement of GNPs but is limited
to monodisperse samples and a scatter-free environment.** The size
correlation of surface plasmon resonance (SPR) optica properties
enables the analysis of GNP size, shape, and concentration in bulk
measurements® and on single nanocrystals.” High-throughput spectral
flow cytometers capable of acquiring surface enhanced Raman
scattering spectra of individua plasmonic nanoparticles have recently
been reported.®® In contrast to the numerous methods for GNP size
measurement, there is no efficient method for the accurate quantifica-
tion of GNPs. The concentration of GNPs is usualy calculated
according to the GNP size measured by TEM and the gold content
analyzed by inductive coupled plasma mass spectrometry (ICP-MS).*°
In addition to requiring expensive equipment, sample preparation is
time-consuming.

Owing to the impressive signal-to-noise (S/N) ratio characteristic
of confocal geometry, correlation spectroscopy of light scattering™
and photothermal absorption® has been developed for the precise
determination of the GNP hydrodynamic radius. In confocal
systems, the laser beam is typically focused to a spot of 0.5 um
size defining a probe region of <1 fL. As the photon burst signals
are collected from single particles that randomly diffuse in and out
of the laser spot, adramatic variation in scattering intensity of single
bursts is commonly observed due to the Gaussian profile of the
laser beam and the heterogeneity introduced by different trajectories
taken by different particles through the excitation laser. However,
the accurate counting of single GNPs is feasible once the GNP
scattering signals can be unambiguously distinguished from the
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background noise. Reference GNP samples with known particle
concentrations can be analyzed to build the calibration curve for
GNP quantification.*® Here, we apply a laboratory-built high-
sensitivity flow cytometer (HSFCM)*324 for size differentiation and
quantification of GNPs via single-particle detection.

HSFCM, daso referred to as single molecule flow cytometry,
employs hydrodynamic focusing of the sasmplein a shegth flow cuvette
and then intersects the sample stream with a focused excitation laser
beam.*>*® Typically, subpicoliter probe volumes and millisecond trangit
times are used for background reduction and photon emission
enhancement. If performed properly, the entire flow stream can be
made to pass through the central region of the focused laser beam
whereirradiation is most uniform, and each nanoparticle flows through
the apparatus a the same rate and experiences the same radiation as
it traverses through the full width of the interrogation volume.*” The
detection of spherical polystyrene particles as smal as 176 and 100
nm has been reported using side scattering detection within the sheath
flow cuvette in 1987 and 2009, respectively.*>*8 Therefore, though
the subpicoliter detection volume of HSFCM s inferior to confocal
geometry for background reduction, it is possible to detect and
differentiate single GNPs based on photon bursting due to the
advantages of hydrodynamic focusing.

51507 A 100 150
E 64£25 mV 24 nm
Z1e 2 L4100 —
2 5 = s —anm
2 | | A S I AL & 5 A
E o [GURN )
e [} 0
] 25 50 75 100 10 10 10* 10° 10" 1° 10" 10" 10" 10"
Time (ms) SS Burst Area SS Burst Area
2 S B 268921208 mv o —wzion  m 20K F
E —aiztom @
> 2 = y=dassea e/
W @ 10. o 10k
é 2% @ 2 R" = 0.996¢
£ w
) s B0 75 100 25 50 75 20 30 40 %0
Time (ms) Particle Size (nm) Particle Size (nm)

Figure 1. Flow cytometric analysis of single GNPs. (A and B) Typica
side scatter (SS) burst traces (background corrected) of GNPs 24 and 48
nm in size, respectively. (C) SS burst area distribution histogram derived
from a data set collected in 60 s intervals for a mixture of 24- and 48-nm
GNPs. (D) Particle size distribution for samples of 24- and 48-nm GNPs
as determined by TEM measurement. (E) SS burst area distribution
histograms for five GNPs samples of different sizes. (F) Plot of measured
SS burst area as a function of particle size.

A schematic diagram for the experimental arrangement is shown
in Figure S1 (Supporting Information). Unlike the origina setup,™
this system used photomultiplier tubes for both the light scattering and
fluorescence detection to make the instrument more compact and
economical. The diameter of the focused laser beam was ~7.5 um,
and the diameter of the sample stream was ~5.0 um. The detection
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volume was ~0.15 pL as defined by the overlap of the sample stream
and the laser beam. The dwell time of single GNPs passing through
the laser beam was ~1.5 ms. Figure 1A and 1B are representative
traces of Side scatter (SS) bursts of 24- and 48-nm GNPs, respectively.
Due to the SPR effect, the intensity of Rayleigh scattering of each
individual GNP can be satisfactorily discriminated from the background
noise even for GNPs as small as 24 nm (SN = 22). Nice SS burst
area distribution histograms were obtained for the mixture of 24- and
48-nm GNPs with near-basdline separation (Figure 1C). TEM analysis
(Figures 1D and S2) indicates that the broad distribution in SS burst
area obtained on the HSFCM for dl five GNP samples (Figure 1E)
was mainly due to the size heterogeneity of the GNPs. According to
the Mie theory, the intendity of light scattered by spheresthat are much
smaller than the wavelength of light is proportional to the sixth power
of particle size. A plot of measured SS burst area versus particle size
discloses a 7.4-order dependence (Figure 1D), which is in relatively
good agreement with the theory. The high correlation between scatter
intensity and particle size indicates that accurate size determination
can be achieved by measuring the scattering intensity of single GNPs.

In our HSFCM setup, the sample stream was completely
illuminated within the central region of the focused laser beam,
and the radia diffusion of nanoparticles was negligible due to their
small diffusion coefficients (~several um?/s).** Consequently,
nearly 100% detection efficiency was demonstrated for 210-nm
fluorescent polystyrene beads when the particle concentration was
above 1 x 107 particles/mL.*® Because the volumetric flow rate of
the sample can be measured accurately (Supporting Information)
as long as each individual GNP can be unambiguously resolved
from the background, it is feasible to count the GNPs. However,
precaution needs to be taken during enumeration to minimize the
error introduced by the scattering bursts from impurity particlesin
the liquid medium. A typical burst trace of ultrapure water is
displayed in Figure S3 with an average scattering burst rate of ~10
events per second. To demonstrate the capability of absolute
quantification, 43-nm GNPs were diluted and analyzed on the
HSFCM with sample concentrations ranging from 2.75 x 10° to
7.04 x 10° particlesmL. The background counts of water were
subtracted from each GNP sample. Figure 2A displays an excellent
linear relationship between the GNP concentrations determined by
HSFCM and those calculated by the common TEM and ICP-MS
approach. The correlation coefficient is 0.9998, and the linear range
covers 2 orders of magnitude. Based on Poisson statistics, when
the concentration of GNPs is 1.0 x 10° particlessmL (1.67 pM),
the probability that two particles will happen to pass through the
probe volume simultaneously is 0.96%. We note that the slope
(0.9103) of the calibration curve deviated from 1.0. The systematic
error between these two quantification methods could be ascribed
to the inaccuracy of the TEM and ICP-MS approach due to the
difficulty in calculating particle volume, which normally leads to
deviation from the actual result.*? Thisis also the first demonstration
of the absolute quantification of GNPs.
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Figure 2. Absolute quantification of GNPs. (A) Linear relationship between
GNP concentrations measured by HSFCM enumeration and by the TEM
and ICP-MS approach. The error bars represent the standard deviation of
three measurements. (B) TEM image of 43-nm GNPs.

Furthermore, the two-parameter (scattering and fluorescence)
detection feature of HSFCM can be exploited to develop asimple
quantification method using fluorescent nanoparticles as the internal
standard. For a proof of principle, we mixed gold nanocrystals™®
with 210-nm fluorescent polystyrene beads (4.4 x 10°%/mL) in
different ratios and then measured them on the HSFCM. As
illustrated in the bivariate plot of fluorescence (FL) burst area versus
SS burst area (Figure 3A), the particle mixture can be clearly
distinguished into two populations based on the fluorescence signal,
despite their comparable scattering intensity. An excellent linear
correlation between the ratios detected by HSFCM and the
theoretical ratios was obtained (Figure 3B). Therefore, accurate
quantification of GNPs is feasible using the internal standard
method.
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Figure 3. (A) Bivariate display of FL and SS burst area for a mixture of
120-nm gold nanocrystals with 210-nm fluorescent polystyrene beads. A
line was drawn to facilitate discrimination. (B) Relationship between the
ratios determined by HSFCM and the theoretical ratios. (C) SEM image of
trisoctahedral gold nanocrystals.

In summary, employing single nanoparticle detection with a
laboratory-built HSFCM, we developed a simple and versatile
platform that is capable of detecting the SPR scattering of GNPs
as small as 24 nm, differentiating GNPs of different sizes, and
providing accurate quantification of GNPs. Low-concentration
samples (fM to pM) in small volumes (uL) can be measured in
minutes with an analysis rate of up to 100—200 GNPs per second.
Among these features, absolute quantification provides a distinct
advantage because it does not require standard samples. This is
especialy beneficia for nonfluorescent nanoparticles, most of which
currently lack efficient quantification approaches.
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