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R
ecent advances in nanotechnology
offer exciting opportunities for the
development of effective methods

of disease diagnosis and treatment, as mul-
tiple imaging and therapeutic agents can be
incorporated into nanoparticles (<100 nm)
for targeted delivery.1�5 Because these func-
tional nanostructured materials are intrinsi-
cally heterogeneous, high-resolutionphysical
and chemical characterization on a particle-
by-particle basis is essential for successful
clinical translation.6�8 In addition tomeasure-
ments of particle size and size distribution,
biochemical properties such as the amount
of therapeutic agent encapsulated or the
number of targeting ligands conjugated to
the surfaces of individual nanocarriers must

be analyzed to achieve sufficient control for
the synthesis of nanomedicines with consis-
tent biological activities. However, the nano-
scale dimensions and the limited number of
cargo molecules encapsulated make single-
nanoparticle characterization one of the big-
gest challenges in nanomedicine develop-
ment.6 Although single-particle techniques
have progressed significantly in the detec-
tion, sizing, and counting of nanoparticles,
simultaneous assessments of biochemical
attributes are generally lacking.9�15

Flow cytometry (FCM) is awell-established
technique for high-throughput, quantitative,
and multiparameter analysis of individual
cells and microscopic particles.16�18 Infor-
mation regarding particle size, shape, and
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ABSTRACT Ultrasensitive detection and characterization of single nanoparticles

(<100 nm) is important in nanotechnology and life sciences. Direct measurement of

the elastically scattered light from individual nanoparticles represents the simplest

and the most direct method for particle detection. However, the sixth-power

dependence of scattering intensity on particle size renders very small particles

indistinguishable from the background. Adopting strategies for single-molecule

fluorescence detection in a sheathed flow, here we report the development of high

sensitivity flow cytometry (HSFCM) that achieves real-time light-scattering detection

of single silica and gold nanoparticles as small as 24 and 7 nm in diameter,

respectively. This unprecedented sensitivity enables high-resolution sizing of single nanoparticles directly based on their scattered intensity. With a

resolution comparable to that of TEM and the ease and speed of flow cytometric analysis, HSFCM is particularly suitable for nanoparticle size distribution

analysis of polydisperse/heterogeneous/mixed samples. Through concurrent fluorescence detection, simultaneous insights into the size and payload

variations of engineered nanoparticles are demonstrated with two forms of clinical nanomedicine. By offering quantitative multiparameter analysis of

single nanoparticles in liquid suspensions at a throughput of up to 10 000 particles per minute, HSFCM represents a major advance both in light-scattering

detection technology and in nanoparticle characterization.

KEYWORDS: single-nanoparticle detection . light scattering . size distribution . nanomedicine . nanoparticle characterization .
single-molecule detection . flow cytometry
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morphology can be gathered via light scattermeasure-
ments, and biochemical attributes, such as the nucleic
acid content, enzymatic activity, and antigenic deter-
minant of biological cells, can be characterized via

fluorescent labeling. However, it has been extremely
difficult for conventional flow cytometry to detect
particles smaller than 200 nm in diameter based on
light scattering.19 Great efforts have been made to
detect single nanoparticles and viruses using custom-
constructed flow cytometers,20�24 and a 74 nm di-
ameter polymer nanoparticle is the smallest particle
that has been reliably detected based on scattering.22

Among optical techniques, elastic light scattering
represents the simplest and most direct method of
particle detection because it is label-free and appli-
cable to all types ofmaterials, including nonfluorescent
and nonmetallic particles. Although single-molecule
fluorescence detection has become routine in the
laboratory, the light-scattering detection of single di-
electric nanoparticles such as lipids, polymers, meso-
porous silica, and virus-based drug delivery systems
with sizes smaller than a few tens of nanometers re-
mains a significant challenge. There are two major
reasons for the difficulty of detecting such particles.
First, according to the Rayleigh scattering theory, for
spherical nanoparticles with sizes much smaller than
the wavelength of the incident light, the intensity of
the scattered light falls off with the sixth power of
particle size, and the scattering cross section (σscatt) is
given by25

σscatt ¼ 2π5d6n4med

3λ4

�
�
�
�
�
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m2 þ 2

�
�
�
�
�

2

(1)

where d is the particle diameter, λ is the wavelength of
the incident light, nmed is the refractive index of the
medium surrounding the particle, andm is the ratio of
the refractive indices of the particle (nparticle = nrelþ inim)
and the medium (nmed). This strong size depen-
dence renders the scattered light intensity of very
small particles to rapidly vanish below the background
noise. For example, the scattering cross section (σscatt)
of a 25 nm diameter silica nanoparticle is only
0.0081 nm2 at 532 nm, which is less than 1/3 of the
absorption cross section (σabs) of a typical single-
chromophore fluorescent dye such as fluorescein
isothiocyanate (a molar extinction coefficient of
68 000 M�1 cm�1 corresponds to an absorption cross
section of 0.026 nm2). Second, the techniques that are
employed to achieve single-molecule fluorescence
detection, such as the spectrally filtered detection of
Stokes-shifted fluorescence emission and the time-
gated detection of delayed fluorescence photons for
the rejection of spontaneously scattered light,26 can-
not be implemented to discriminate the elastically
scattered light of a target particle against the scattering
background from particle surroundings. In order to

overcome the sixth-power scaling law of measuring
the scattered intensity, interferometric techniques
have been applied, in which the weak scattered field
is combined with a reference field and the detected
signal scales with the particle size to the third power as
opposed to the sixth power.9,12,27 Detection of single
polystyrene nanoparticles of 30 nm in diameter and
single gold nanoparticles below 10 nm in diameter has
been demonstrated using interferometric measure-
ments.28,29

In this study, we present the development of high-
sensitivity flow cytometry (HSFCM) which demon-
strates that light elastically scattered by single silica
and gold nanoparticles as small as 24 and 7 nm in
diameter, respectively, can be distinguished from the
background via the direct measurement of the scatter-
ing intensity. This unprecedented sensitivity enables
high-resolution nanoparticle sizing. Through concur-
rent fluorescence detection, quantitative multi-
parameter characterization of clinical nanomedicine is
demonstrated through investigations of doxorubicin-
encapsulated liposomes and small interfering RNA
(siRNA)-loaded lipid nanoparticles.

RESULTS AND DISCUSSION

Apparatus and Detection Scheme. Our approach to the
sensitive light-scattering detection of nanoparticles is
inspired by strategies for single-molecule fluorescence
detection in a sheathed flow, that is, a reduced probe
volume for background reduction, an extended parti-
cle transit time for increased photon generation, and
photon burst detection.26,30 However, in our earlier
instrument design, the single-photon counting ava-
lanche photodiode (APD) detector used for fluores-
cence detection could not be applied for light-
scattering detection of single nanoparticles due to the
easy saturation of background scattering.23 With PMT as
thedetector, thebest signal-to-noise (S/N) ratio achieved
for 100 nm diameter polystyrene beads was 104.24

When the sixth-power dependence of light scattering
on particle size is considered, significant sensitivity
enhancement is required in order to detect dielectric
nanoparticles as small as a few tens of nanometers in
diameter. Figure 1a illustrates the schematic design of
the current HSFCM system. In brief, a nanoparticle
suspension is introduced into the center of a square-
bore sheath-flow cuvette through a tapered quartz
capillary (40 μm i.d.). The high-velocity sheath flow
serves to hydrodynamically focus the sample flow into
a very fine stream (∼1.4 μm) that traverses the central
region of the focused laser beam (∼16 μm in diameter,
unless stated otherwise), where the irradiation is most
uniform. Therefore, each nanoparticle passes through
the interrogating laser beam with the same velocity
and experiences the same radiation field, thus provid-
ing foundation for the quantitative analysis of sin-
gle nanoparticles. Perpendicular to the incident laser
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beam and the flow of the sample, the emitted light
from the sample stream is collected by an infinity-
correctedmicroscope objective instead of themolded-
glass Geltech aspheric lens and is then directed by a
dichroic beam splitter into two light paths for side-
scatter (SS) and fluorescence (FL) detection. In each
light path, a focusing lens is used to project the image
of the intersection of the laser beam and the sample
stream onto an APD detector. The small active area
(∼180 μm in diameter) of the silicon APD detector
serves as a limiting aperture to exclude laser light
scattered from the cuvette windows and the sheath
fluid. Details regarding the instrumentation setup and
the data processing are provided in Supporting Infor-
mation section 2.

Concurrent SS and FL detection was demonstrated
through the analysis of 80 nm diameter fluorescent
silica nanoparticles, the fluorescence intensity of which
was calibrated to be 425 molecules of equivalent solu-
ble fluorochrome (MESF) of Alexa Fluor 532 (AF532)
(Figure 1b and Supporting Information Figure 1). Each
nanoparticle passing through the interrogation vol-
ume produced a pulse or burst of photocurrent on
both the SS and FL detection channels. For each burst,
the integrated number of detected photons was re-
corded as the burst area. The S/N ratios, which were
calculated as the average burst height of 3551 nano-
particles detected in 1 min divided by the standard
deviation of the background signal (noise), were found
to be 486 and 561 for SS and FL detection, respectively.
The effects of the excitation laser power on both the SS

and FL detection were studied. Whereas the S/N ratio
of the fluorescence reached a maximum at approxi-
mately 5 mW and began to decrease thereafter be-
cause of fluorescence saturation, the detection sensi-
tivity for light scattering continued to increase with
increasing laser power (Figure 1c and Supporting Infor-
mation Figure 2). These results suggest that a higher
laser excitation energy density can be used to enhance
the scattered light from single nanoparticles.

Light-Scattering Detection of Single Nanoparticles in the Low
Nanometer Size Range. Employing the maximum laser
power (160 mW) available to the current system and a
focused laser spot of ∼6.4 μm in diameter, the light-
scattering detection of single nanoparticles was at-
tempted for silica and gold nanoparticles in the low
nanometer size range (Supporting Information section1
and Figure 3). The representative burst-trace data pre-
sented in Figure 2a1 indicate that single silica nano-
particles of 29 nm in diameter (σscatt = 0.020 nm2) could
be detected with an S/N ratio of 27. The excellent
discrimination of the signal from the background noise
resulted in a well-defined SS burst-area distribution
profile (Figure 2a2). An S/N ratio of 7 was achieved for
the light-scattering detection of 24 nm diameter silica
nanoparticles (σscatt = 0.0063 nm2), although their
light-producing power is equivalent to that of only
0.3 Alexa Fluor 532 molecules (Supporting Information
section 3). On the other hand, due to the refractive
index difference between silica (1.46) and polystyrene
(1.59) at 532 nm in aqueous solution, a silica nano-
particle scatters approximately 4 times less light than

Figure 1. Laboratory-built HSFCM system and preliminary performance evaluation. (a) Schematic diagram of the laboratory-
built apparatus and the structure of a nanomedicine. (b) Representative side-scatter and fluorescence (524/24 band pass)
burst traces of 80 nm diameter fluorescent silica nanoparticles (425 MESF AF532) at a laser power of 16 mW, with a focused
laser spot of 16 μm. (c) Effect of the laser power on the signal-to-noise ratios of the SS and FL detection of the 80 nm
fluorescent silica nanoparticles. The focused laser spot was 6.4 μm, and a neutral density filter (OD = 1.3) was placed in the
SS light path to avoid APD saturation.
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a polystyrene nanoparticle of the same size.31 There-
fore, pushing the detection limit for single dielectric
nanoparticles from the previous state-of-the-art detec-
tion of ∼75 nm diameter polystyrene nanoparticles22

down to ∼25 nm silica nanoparticles in the present
study represents a gain of more than 3 orders of
magnitude in sensitivity. To further demonstrate the
sensitivity of the HSFCM system, gold nanoparticles of
much smaller sizeswere analyzed. Taking advantage of
the localized surface plasmon resonance,32 single gold
nanoparticles as small as 10.4 and 6.7 nm in diameter
were detected with S/N ratios of 53 (Figure 2c) and 5
(Figure 2d), respectively. We attribute the remarkable
sensitivity of HSFCM in the light-scattering detection of
single nanoparticles to the combined effects of (1) a
further reduction of the detection volume down to
∼10 fL by reducing the sample stream diameter and
the focused laser beam spot size to minimize back-
ground emission, (2) a relatively long particle dwell
time in the laser beam (∼0.3 ms) and a relatively high
laser excitation energy density (∼5.0 � 105 W/cm2 or
∼1.3 � 1024 photons/s 3 cm

2) to generate more scat-
tered photons (∼2 � 104 for a 24 nm diameter silica
nanoparticle), (3) the use of a single photon counting
APD detector to achieve a high quantum efficiency of
photon detection, and (4) an excellent optics to restrict
the field-of-view of the APD detector solely to the
sample stream for very good background rejection.

High-Resolution Sizing of Single Nanoparticles Based on the
Scattered Light Intensity. By virtue of the exceptional
sensitivity achieved in the light-scattering detection
of single nanoparticles, we then examined the resolv-
ing power of HSFCM for the measurement of nano-
particle sizes by analyzing a mixture of monodisperse
silica nanoparticles in five sizes ranging from 40 to
90 nm in diameter (Supporting Information Figure 4).
To avoid APD saturation for large nanoparticles and to
provide a more uniform radiation field in the sample

fluid, a laser excitation power of 16 mW and a focused
laser beam width of ∼16 μm were used. A representa-
tive SS burst trace reveals that the peak heights
clustered around five different amplitude levels, which
corresponded to the five differently sized nanoparticle
populations (Figure 3a). Because the particle analy-
sis rate can approach 100�200 events per second, a
statistically representative histogram of the SS burst-
area distribution was obtained by rapidly interrogating
thousands of nanoparticles individually at a time in-
terval of 1 min, and baseline separation among the
different populations was achieved (Figure 3b). It is
worth noting that the dramatic (sixth-order) depen-
dence of the light scattering on the particle size can be
a double-edged sword. Once sufficient sensitivity is
achieved, a 10% difference in particle diameter trans-
lates into an approximately 77% difference in light-
scattering intensity, which yields high-resolution nano-
particle sizing.

When individual pure suspensions of silica nano-
particles of the five different sizes were measured via

dynamic light scattering (DLS), significant overlap was
observed in the compiled size distribution profiles
(Figure 3d). When the centroids of the SS burst areas
obtained from the fitted Gaussian curves (Figure 3b)
were plotted as functions of the median diameters
determined through transmission electronmicroscopy
(TEM) for each nanoparticle population (Figure 3c),
the resulting curve exhibited an approximately sixth-
order dependence of intensity on particle size, in ex-
cellent agreement with the Rayleigh scattering theory
(Figure 3e). Using this calibration curve, the particle
size could be obtained by calculating the SS burst
area, and the resultant size distribution profiles
(Figure 3f) closely resembled those determined via

TEM (Figure 3c). TEM is the technology that is most
commonly used for the size and morphology charac-
terization of nanoparticles, yet it cannot be operated

Figure 2. Light-scattering detection of single particles in the low nanometer range using HSFCM. (a�d) Representative
SS burst traces (1) and burst-area distribution histograms (2) for 29 nmdiameter silica nanoparticles (a), 14 nm diameter silica
nanoparticles (b), 10.4 nm diameter gold nanoparticles (c), and 6.7 nm diameter gold nanoparticles (d). The laser excitation
power was 160 mW, the focused laser spot was 6.4 μm, and no ND filter was placed in the SS light path. Each distribution
histogram was derived from 1 min of data, and the nanoparticle concentrations were approximately 1�5 � 109/mL.
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under biologically relevant conditions and is of limited
use in generating large population statistics. By offer-
ing rapid (with 1�2 min) and statistically reliable size
distribution analyses of nanoparticles in liquid suspen-
sions, HSFCM can serve as a complement to the TEM
approach for the routine analysis and quality control of
functional nanoparticles. One beneficial application of
this technique could be the preclinical physicochem-
ical characterization of a nanomedicine, including the
measurement of its size distribution and its state of
aggregation or agglomeration.

Simultaneous Particle Size and Drug Content Analysis of
Doxorubicin-Carrying Liposomes. In nanomedicine develop-
ment, nanoparticles are used as carriers to deliver pay-
loads such as therapeutic agents; thus, the simultaneous
detection of both nanoparticles and their cargos is
desirable. Doxil (doxorubicin-carrying liposomes) is the
first FDA-approved nanomedicine (1995), and DLS and
cryo-TEM are the two most commonly used methods
for size analysis.33,34 To assess the feasibility of applying
HSFCM for nanomedicine characterization, Doxoves,
a research-grade product of PEGylated liposomal
doxorubicin35 whose physical characteristics and phar-
macokinetics are comparable to those of Doxil, was
analyzed as amodel system. A representative cryo-TEM
image and the particle size distribution histogram of
Doxoves are provided in Figure 4a,b, respectively. A
substantial amount of variation in both size and doxo-
rubicin content can be observed among individual
particles. The particle size, measured as the average

of the long and short axes of the oval-shaped lipo-
somes, was found to be 62( 11 nm. It is worth noting
that when doxorubicin becomes crystallized inside
liposomal particles, its fluorescence is quenched com-
pared with that of the free drug in solution.36 Despite
the small particle size and the significant fluorescence
quenching (∼17-fold, Supporting Information Figure 5),
Figure 4c demonstrates that HSFCM is sufficiently
sensitive to detect both the scattered light and the
intrinsic fluorescence of the doxorubicin emitted from
each individual liposome. In as little as 1 min, more
than 10 000 particles were analyzed, allowing statisti-
cally robust distributions to be rapidly generated
(Figure 4d). Notably, particle size and drug content
could be correlated at the single-particle level, and a
positive correlation was identified.

Because of the comparable refractive indices of
silica nanoparticles and lipid vesicles, monodisperse
silica nanoparticles were used as the standard to
calibrate the size measurement of the Doxoves nano-
particles based on their SS burst areas (Figure 4e), and a
nicely distributed Gaussian profile was obtainedwithin
minutes (Figure 4f). The median size measured in this
fashion is in good agreement with the results of the
cryo-TEM measurement, and the distribution is more
statistically representative. However, it is worth noting
that, at a certain wavelength, the average refractive
index of a liposome is determined by the refractive
indices of its aqueous content and the lipids at
the membrane (∼1.48 at 488 nm) and by the volume

Figure 3. Comparison of HSFCM and conventional approaches for nanoparticle size distribution analysis. (a) Typical SS burst
traces of a mixture of silica nanoparticles of five different sizes detected using the HSFCM. (b) SS burst-area distribution
histogramderived from1min of data and thefit to a sumof Gaussian peaks. (c) Compiled particle size distribution histograms
with a bin width of 2 nm for individual samples of five sizes of nanoparticles measured separately via TEM. (d) Compiled
particle size distribution histograms (by particle number) for individual samples of five sizes of nanoparticles measured
separately via DLS. (e) Plot of Gaussian-fitted SS burst areas as a function of the particle sizes determined via TEM. (f) Particle
size distribution histogram with a bin width of 0.5 nm for the mixture of silica nanoparticles of five different sizes obtained
using HSFCM.
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fraction of lipids in the vesicle, in addition to the
shape of the particle.31,37,38 The encapsulation and
crystallization of doxorubicin inside liposomes also
complicates the issue. Therefore, caution must be
taken if silica nanoparticles are to be used to accu-
rately calibrate the size of liposomes with sizes or
components different from Doxoves, as deviation
from the true values may occur. Nevertheless, con-
sidering the very limited approaches that are avail-
able for the characterization of medicinal liposomes,
HSFCM possesses a considerable advantage because
it allows for the rapid and simultaneous analysis of
size and drug content distributions at the single-
particle level and in liquid suspensions.

Measurement of Particle Count and Fraction of siRNA Loading
for Gene Delivery Systems. In addition to nanoparticle-
based chemotherapy, nanoparticle-mediated gene

therapy has received considerable attention over
the past two decades.39 Lipid nanoparticles (LNPs)
encapsulating siRNA are currently themost extensively
clinically validated means of enabling RNA inter-
ference.40�42 However, it is challenging to determine
the precise particle count and the fraction of loaded
particles. Although, in principle, particles can be
counted in cryo-TEM images, the nonuniformity of
LNP distribution in vitrified samples on electron micro-
scopy gridsmakes it difficult to obtain a precise particle
count. Moreover, the comparable size, shape, and
electron density of empty and siRNA-loaded LNPs
render cryo-TEM less effective in determining the
fraction of siRNA loading.43

We implemented HSFCM to characterize siRNA-
loaded LNPs with the same composition as those cur-
rently being used in clinical testing.44 The siRNA-loaded

Figure 4. Characterization of doxorubicin-encapsulating liposomes. (a) Representative cryo-TEM image of Doxoves.
(b) Particle size distribution histogram of Doxoves liposomes obtained from cryo-TEM images. (c) Representative SS and
FL burst traces of Doxoves (diluted 4000-fold in 5%glucose)measured usingHSFCM. (d) Bivariate dot-plot of the FL versus the
SS burst area for Doxoves preparation. (e) Plot of nanoparticle SS burst area as a function of particle size for monodisperse
silica nanoparticle standards. (f) Particle size distribution profile of Doxoves liposomes measured using HSFCM and the
calibration curve presented in panel e.
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LNPs, along with empty LNPs as a control, were pre-
pared by Alnylam Pharmaceuticals (Cambridge, MA).
First, using an 80 nm diameter fluorescent silica nano-
particle of a known concentration as an internal stan-
dard, the particle concentration of siRNA-loaded LNPs
(with an siRNA concentration of 0.1 mg/mL) was
measured to be 7.0 � 1012 particles/mL (Figure 5a).
Based on the concentration and molecular weight
(∼13 500 Da) of the encapsulated siRNA, it was calcu-
lated that the LNPs contained an average of ∼650
siRNAs per particle. This single-particle enumeration
approach is simple (label-free) and rapid (minutes), and
it does not require a known mass density or the
assumption of a regular shape.45 Next, the empty and
siRNA-loaded LNP samples were analyzed upon fluo-
rescent stainingwith SYTO 82, a cell-permeant dye that
labels nucleic acids. Figure 5b�d demonstrates that
near-complete discrimination between the empty and
siRNA-loaded LNPs was achieved based on the fluores-
cence signal, and the fraction of siRNA loading was
determined to be approximately 100%. Through DLS
measurement, the number-averaged sizes of the empty
and siRNA-loaded LNPs were determined to be 45 ( 14
and 54 ( 13 nm, respectively. Therefore, the very broad
distribution of the SS burst areas of the LNP specimens
can most likely be attributed to the large intrinsic varia-
tion in particle size, which can be significantly exagger-
ated in the variation of the scattered light intensity
because of the sixth-order dependence on particle size.

CONCLUSIONS

In summary, our study demonstrates for the first
time that light-scattering detection of single nanopar-
ticles with light-producing power below the level of
single fluorescent molecules can be achieved by the
HSFCM via the direct measurement of the scattering
intensity. Most notably, adopting a sheathed flow
system to confine the sample stream and isolate it far
from the wall of the flow channel is indispensable to
probe volume reduction and to the efficient block of
the scattered light from cuvette windows. By pushing
the light-scattering detection size limits for single
nanoparticles down to 24 and 7 nm in diameter for
silica and gold nanoparticles, respectively, HSFCM
enables the analysis of nanoparticles that would have
previously been difficult to characterize. Compared
with other newly developed single-particle tech-
niques, simultaneous assessments of various particle-
associated biochemical attributes via current fluores-
cence detection represents a distinct advantage of the
HSFCM. Our results extend the applicability and versa-
tility of flow cytometry from themicron and submicron
size range of particles down to the nanoscale. Besides
the characterization of nanomedicines and other syn-
thetic nanoparticles, we anticipate that HSFCM would
open up new routes for the quantitative multi-
parameter analysis of naturally occurring biological
nanoparticles, including viruses, cellular organelles,
cell-derived exosomes, and protein assemblies.

METHODS

Transmission Electron Microscopy and Dynamic Light Scattering Mea-
surements. TEM images of monodisperse silica nanoparticles
and fluorescent silica nanoparticles were acquired using a JEOL
JEM-2100 (HR) transmission electron microscope. Cryo-TEM
measurement was performed using a Tecnai F20 transmission
electronmicroscope (FEI) operating at 200 kV. The cryo-samples
were prepared as follows: A special copper grid coated with
carbon was processed through a Gatan SOLARUSTM plasma
cleaning system to remove hydrocarbon contamination on the
sample holder. Doxoves liposomal doxorubicin HCl was diluted
5-fold in 5% glucose buffer and then dropped onto the copper
grid in the FEI Vitrobot sample plunger. The sample preparation
was completed in the plunger. For each nanoparticle sample,
150 individual nanoparticles in the TEM micrographs were

examined to determine the particle size distribution histogram
and the median diameter. DLS measurements of nanoparticle
samples were performed using a Zetasizer Nano-ZS90 (Malvern
Instruments, Ltd.). A standard disposable cuvette was used to
hold 100 μL of the nanoparticle suspension to be analyzed.
Multiple measurements of each sample were averaged to
improve accuracy. The mean and distribution were obtained
in accordance with analysis by particle number.

Fluorescence Intensity Quantification of Fluorescent Silica Nanoparti-
cles. The fluorescence intensity of the 80 nm diameter fluores-
cent silica nanoparticles was quantified in units of MESF per
nanoparticle. Because the laser excitation wavelength was
532 nm and the Alexa Fluor family of fluorescent dyes are less
pH sensitive and more photostable than the original dyes (e.g.,
fluorescein, rhodamine), AF532 was used to calibrate the fluo-
rescence intensity of silica nanoparticles doped with RBITC as

Figure 5. Characterization of siRNA nanomedicine using HSFCM. (a) Bivariate dot-plot of the FL burst area versus the SS burst
area for amixture of 80 nmdiameterfluorescent nanoparticleswithunstained siRNA-loadedLNPs. (b,c) Representative SS and
FL burst traces for empty LNPs (b) and siRNA-loaded LNPs (c). (d) Compiled bivariate dot-plot of the FL burst area versus the SS
burst area for empty and siRNA-loaded LNPs.
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follows.A ShimadzuRF-5301 spectrofluorometerwasused for the
fluorescence measurement. AF532 solutions at selected concen-
trations weremeasured to construct a standard calibration curve.
Then, the fluorescence signal of a 1.0 � 1011/mL nanoparticle
suspension (concentration calibrated against a diluted sample of
a known concentration of 100 nmOrange FluoSpheres via single-
particle enumeration using HSFCM) was compared with the
calibration curve to determine the equivalent concentration of
AF532 fluorochrome. The MESF-AF532 value per nanoparticle
was then calculated by dividing the equivalent fluorochrome
concentration by the particle concentration. The calibrated fluo-
rescence intensity was found to be 425 MESF-AF532 for 80 nm
diameter RBITC-doped fluorescent silica nanoparticles.

Fluorescence-Quenching Measurement of Liposome-Encapsulated Doxo-
rubicin. One hundred microliters of Doxoves was applied to a
Sephadex G-25 column and eluted with 3 mL of dilution buffer
(10% sucrose, 10 mM histidine, pH = 6.5) to remove free doxo-
rubicin. The liposome-encapsulated doxorubicin was released by
treatment with 1% Triton X-100 at 65 �C for 15 min. The
fluorescence-quenching factor of Doxoves was determined by
measuring the fluorescence intensity before and after liposome
disruption. In each case, the sample was diluted 64-fold to avoid
fluorescence inner-filter effects resulting from a high particle
concentration of Doxoves or a high concentration of released
doxorubicin.

Staining of siRNA-Loaded Lipid Nanoparticles. Both the siRNA-
loaded LNPs and the empty LNPs (approximately 1 � 1013/mL)
were diluted 4000-fold with DI water. SYTO 82 nucleic acid
stain (at the stock concentration of 5 mM) was diluted 50-fold
to 100 μM. Then, 2 μL of 100 μM SYTO 82 was added to 98 μL of
each diluted LNP samples. The resulting mixture was incubated
at 37 �C for 30 min prior to HSFCM analysis.
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