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R
ecent advances in nanoscience and
nanotechnology suggest a wide vari-
ety of potential applications of nano-

particles, such as nanosensors1–5 and nano-

photonic probes for in vivo imaging,

diagnosis, and smart drug delivery.2,6–13 Sil-

ver nanoparticles exhibit the highest quan-

tum yield (QY) of Rayleigh scattering among

noble metal nanoparticles14–16 and can be

directly observed and characterized using

dark-field single nanoparticle optical

microscopy and spectroscopy

(SNOMS).1,5,6,9,10,17 Silver nanoparticles

show the dependence of LSPR spectra on

their size, shape, surrounding environment,

and dielectric constant of the embedding

medium.14–16 By synthesizing uniform

shape nanoparticles and dispersing them

in the same dielectric constant of medium,

we have used the color (LSPR spectra) index

of Ag nanoparticles as a nanometer-size in-

dex to directly image single living cells and

embryos at nanometer resolution in real

time.1,6,9,10,17 Unlike fluorescent probes, Ag

nanoparticles resist photodecomposition

and can serve as photostable nanoparticle

probes to continuously monitor dynamics

events of interest for an extended period of

time.1,6,9,10,17

Silver nanoparticles could enter ze-

brafish embryos and exhibited dose-

dependent toxicity on embryonic develop-

ment, demonstrating the possibility of us-

ing low-dose Ag nanparticles as biocompat-

ible nanoparticle probes for in vivo

imaging.6

However, unlike gold nanoparticles, it is

much more challenging to prepare mono-

disperse and stable (not aggregated) Ag

nanoparticles that can be stored for a long

period of time (months), which limits their

potential applications as single nanophoto-
nic probes for in vivo imaging. If the nano-
particle solution is stable only for days, one
will have to resynthesize and recharacterize
nanoparticles, which is time-consuming
and expensive. It is especially problematic
for biological experiments that need days
and weeks to complete. Furthermore, it is
essential that nanoparticles possess the su-
perior stability for months, in order for them
to become popular and robust probes, and
be accessible to a wide spectrum of users. In
fact, the stability of nanoparticles has been
a primary obstacle for achieving a wide va-
riety of applications of nanoparticle probes.
Currently, an array of surface passivating
agents, such as alkanethiol, 11-
mercaptoundecanoic acid (MUA), and
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ABSTRACT We report here the use of a simple washing approach to reduce the ionic strength of the solution,

which increased the thickness of the electric double layer on the surface of silver (Ag) nanoparticles and thereby

enhanced their surface �-potential. This approach allowed us to prepare optically uniform (75�99%) and purified

Ag nanoparticles (11.3 � 2.3 nm) that are stable (nonaggregation) in solution for months, permitting them to

become robust and widely used single nanoprobes for in vivo optical imaging. These Ag nanoparticles show

remarkable photostability and serve as single nanoparticle photonic probes for continuous imaging

nanoenvironments of segmentation-stage zebrafish embryos for hours. Unlike other particle tracking experiments,

we utilized size-dependent localized surface plasmon resonance spectra (LSPRS) (colors) of single Ag nanoparticles

to determine given colored (sized) nanoparticles in situ and used the monodisperse color (size) of nanoparticles

to simultaneously measure viscosities and flow patterns of multiple proximal nanoenvironments in segmentation-

stage zebrafish embryos in real time. We found new interesting counterclockwise flow patterns with rates ranging

from 0.06 to 1.8 �m/s and stunningly high viscosity gradients spanning two orders of magnitude in chorion

space of the embryos, with the highest viscosity observed around the center of chorion space and the lower

viscosity at the interfacial areas near the surface of both chorion layers and inner mass of the embryos. This study

demonstrates the possibility of using individual monodisperse nanophotonics to probe the roles of embryonic

fluid dynamics in embryonic development.

KEYWORDS: single nanoparticle photonics · single nanoparticle optics · silver
nanoparticles · embryonic fluid dynamics · in vivo imaging · zebrafish embryos
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polymers, have been used to functionalize nanoparti-
cles, aiming to maintain the surface stability of nanopar-
ticles and to prevent the nanoparticles from aggrega-
tion in solution.1,18–23 However, the passivating agents
change the intrinsic surface properties of nanoparticles,
prohibiting investigation of their intrinsic optical prop-
erties and hindering the rational design of desired opti-
cal properties of single nanoparticle photonics. Some
passivating agents also interfere with the study of in
vivo systems of interest. Therefore, solving such a tech-
nical challenge is highly desirable and significant.

Zebrafish (Danio rerio) has become an emerging im-
portant vertebrate model system for drug discovery,
better understanding of human diseases, and address-
ing an array of fundamental questions of development
biology, such as determining the normal development
of the left�right asymmetry in vertebrates.24–28 Ze-
brafish embryos are transparent and develop outside
of their mothers, and embryonic development is com-
pleted within 120 h postfertilization (hpf) with well-
characterized development stages.28–30 These features
allow us to directly image embryonic fluid dynamics
and early development of embryos simultaneously, of-
fering the possibility of better understanding the role of
the embryonic fluid dynamics in the early develop-
ment of embryos. During embryogenesis, the embry-
onic stem cells divide and differentiate into the various
cell lineages that constitute the tissue of different parts
of the organism.31–33 One of the determining factors
of cell differentiation into different lineages is the
nanoenvironments surrounding the cells.34,35 Viscosity
and flow patterns surrounding the cells in the embry-
onic fluids affect directions of movements of signaling
molecules and migration of cells, which control embry-
onic morphogenesis, underscoring the importance of
probing the viscosity gradients and flow patterns of em-
bryonic fluid in vivo at nanometer resolution in real
time. Unfortunately, no effective tools are currently
available for mapping viscosity gradients and flow pat-
terns of embryonic fluids in vivo at nanometer resolu-
tion in real time.

Particle tracking has been widely used to investi-
gate the dynamics of molecules and their surrounding
media in vitro and in vivo.32,34,36–39 However, many of
the particles used in the reported studies were large
particles with diameters greater than 40 nm, and some
had micrometer diameters, which diffused slowly and
hence offered limited temporal and spatial resolution in
determining dynamic events of interest in vivo. The re-
ported studies did not investigate the effect of particle
sizes on their measurements and were unable to deter-
mine the particle sizes in situ and in real time.32,34,36–39

Thus, they could not select identical sized particles to si-
multaneously investigate several dynamic events of in-
terest in vivo in real time.

In our previous study, we focused on probing the
entry of nanoparticles into zebrafish embryos and in-

vestigating dose-dependent toxicity of Ag nanoparti-

cles on embryonic development.6 In this study, we fur-

ther developed a simple washing step to prepare

uniform Ag nanoparticles that were stable in solution

for months and used them as single nanoparticle pho-

tonics to simultaneously probe several proximal

nanoenvironments in segmentation-stage zebrafish

embryos at nanometer resolution in real time, aiming

to map embryonic fluid dynamics to better understand

their roles in embryonic development and to develop

stable and powerful nanophotonic probes for in vivo dy-

namics imaging at nanometer resolution in real time.

RESULTS AND DISCUSSION
Synthesis and Characterization of the Stability of Ag

Nanoparticles. The Ag nanoparticle solution was synthe-

sized by reducing AgClO4 with NaBH4 and sodium cit-

rate, as described in Methods. To investigate the stabil-

Figure 1. Characterization of stability and optical properties
of unwashed Ag nanoparticles: (a) immediately and (b) at 2
months, after synthesis, respectively. (A) UV�vis spectra of
1.04 nM Ag nanoparticles show absorbance of (a) 0.76 and
(b) 0.69 at 392 nm. (B) Histograms show distribution of col-
ors of single nanoparticles acquired by SNOMS: (a) (77 � 6)%
blue, (21 � 6)% green, and (2 � 1)% red and (b) (72 � 9)%
blue, (23 � 6)% green, and (5 � 3)% red. (C) Histograms of
size distribution of single nanoparticles measured by HRTEM
show (a) 11.6 � 2.4 nm and (b) 16.4 � 6.3 nm.
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ity of the nanoparticles, we characterized
their concentration, size, and optical prop-
erties in solution over 2 months after syn-
thesis using UV�vis spectroscopy, SNOMS,
high-resolution transmission electron mi-
croscopy (HRTEM), and dynamic light scat-
tering (DLS), as shown in Figure 1. The
UV�vis absorption spectrum of the Ag
nanoparticles immediately after synthesis
shows an absorbance of 0.76 with peak
wavelength at 392 nm and a peak width at
half-maximum (fwhm) of 63 nm (Figure
1A,a), indicating a narrow size distribution.
The color (LSPRS) distribution of individual
Ag nanoparticles determined using SNOMS
shows that the solution consists of 77%
blue, 21% green, and 2% red nanoparticles
(Figure 1B,a). A histogram of the size distri-
bution of individual Ag nanoparticles mea-
sured by HRTEM (Figure 1C,a) shows that
the average size of nanoparticles is 10.7 �

2.4 nm and their shape is spherical.1

We found that absorbance of the
UV�vis spectrum began to decrease within
24 h after synthesis. By the end of 2 months,
the peak absorbance decreased to 0.69
from an initial value of 0.76 with a slightly
wider fwhm of 66 nm (Figure 1A,b). The his-
togram of the color distribution of indi-
vidual nanoparticles (Figure 1B,b) shows
72% blue, 23% green, and 5% red nanopar-
ticles, suggesting more green and red
nanoparticles were generated in the solu-
tion over 2 months of storage. Histograms
of size distribution measured by HRTEM
(Figure 1C,b) illustrate an increase in size
and distribution from 10.7 � 2.4 to 16.4 �

6.3 nm. Thus, the results in Figure 1 show
that the unwashed nanoparticles were un-
stable and became less monodisperse over
time.

To investigate the effect of the pres-
ence of reaction agents on stability and optical proper-
ties of single nanoparticles, once we completed the syn-
thesis of nanoparticles, we immediately removed
chemicals (e.g., excess reagents and byproducts) in-
volved in synthesis and washed the nanoparticles twice
with nanopure water using centrifugation. We resus-
pended the nanoparticles in nanopure water and char-
acterized their physical and optical properties. Interest-
ingly, we found that the washed nanoparticles were
much more stable than unwashed nanoparticles, and
their physical and optical properties remained nearly
constant over a period of at least 2 months (Figure 2).
We found that the �-potential of the nanoparticles de-
creased from �19.96 to �35 mV after washing, show-
ing an increase in surface charge and consequently

higher stability of nanoparticles in solution. One plau-

sible explanation is that, by removing chemicals from

the nanoparticle solution, we decreased the ionic

strength of the solution, which increased the thickness

of electrical double layer on the surface of nanoparticles

and enhanced the �-potential and surface charge of

the nanoparticles. Thus, washed nanoparticles are more

stable in solution than unwashed nanoparticles and

can be stored for months.

The UV�vis spectra of the washed nanoparticles
show an absorbance of 0.59 with peak wavelength at
392 nm and fwhm of 62 nm, which remained constant
over 2 months (Figure 2A). HRTEM images show that
the spherical shape of the nanoparticles also remained
unchanged over 2 months (Figure 2B). Representative

Figure 2. Characterization of stability and optical properties of washed Ag nanoparticles:
(a) immediately and (b) at 2 months, after synthesis, respectively. (A) UV�vis spectra of
0.61 nM Ag nanoparticles show absorbance of (a and b) 0.59 at 392 nm. (B) HRTEM im-
ages show nearly uniform spherical nanoparticles. The scale bars are 10 nm. (C) Represen-
tative (i) dark-field optical image of single nanoparticles, and (ii) histograms show distribu-
tion of colors of single nanoparticles acquired by SNOMS: (a) (74 � 6)% blue, (21 � 4)%
green, and (5 � 3)% red; (b) (74 � 5)% blue, (20 � 4)% green, and (6 � 1)% red. (D) Histo-
grams of size distribution of single nanoparticles at (i) (13.2 � 2.8) nm and (ii) (11.3 �
2.3) nm measured by (i) DLS and (ii) HRTEM. In (ii), histogram also shows the correlation
of colors with sizes of individual nanoparticles: 74% nanoparticles are blue (5�15 nm),
20% nanoparticles are green (16�33 nm), and 6% nanoparticles are red (34�45 nm).
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optical images and histograms of color distribution of

single nanoparticles over 2 months illustrate that the

majority (74%) of nanoparticles was blue with 21%

green and 5% red (Figure 2C) and remained essentially

the same over 2 months. Histograms of size distribution

of nanoparticles in solution determined using DLS and

HRTEM show that the average size of the nanoparticles

was 13.2 � 2.8 and 11.3 � 2.3 nm, respectively, and re-

mained unchanged over 2 months. Note that the hy-

drodynamic radii of nanoparticles in solution measured

by DLS are always larger than those that are dried and

measured using TEM because nanoparticles are hy-

drated in solution. That is why we observed the slightly

larger radii of nanoparticles using DLS than using

HRTEM.

We correlated the histogram of size distribution de-

termined by HRTEM with the histogram of color (LSPRS)

distribution of single nanoparticles characterized by SN-

OMS. The size distribution shows that 74% nanoparti-

cles are 5�15 nm in diameter, 20% nanoparticles are

16�33 nm, and 6% nanoparticles are 34�45 nm. The

color distribution exhibits that 74% nanoparicles are
blue, 20% nanoparticles are green, and 6% of nanopar-
ticles are red. Thus, we can correlate the color index of
Ag nanoparicles as nanometer size index. This ap-
proach allows us to effectively use color (LSPRS) of indi-
vidual nanoparticles to determine their sizes in solu-
tion at nanometer resolution using SNOMS. Note that,
despite numerous studies,14–16 currently it is still impos-
sible to accurately compute and describe the LSPRS of
individual given nanoparticles prepared by chemical
synthesis because it appears that the surface morphol-
ogies and adsorbates of nanoparticles and surrounding
medium play an important role in the optical proper-
ties of nanoparticles.40 Our experimental approach of
correlating size distribution with color (LSPRS) distribu-
tion is based on statistics and calibration approaches,
which accurately reflects the size and color distribution
at single nanoparticle resolution.

By carefully tuning the conditions of synthesis and
washing of nanoparticles as described in Methods, we
prepared nearly monodisperse single nanoparticle op-
tics, showing that all nanoparticles are blue (99% blue
and 1% light blue) (Figure 3). Blue nanoparticles are
smaller nanoparticles (5�15 nm). Thus, they have lower
QY of Rayleigh scattering and are less sensitively de-
tected than green and red nanoparticles. Nevertheless,
blue nanoparticles can be directly observed and charac-
terized using SNOMS.

Characterization of Photostability of Single Nanoparticle
Photonic Probes. We characterized the photostability of
single nanoparticles by acquiring sequential optical im-
ages of single Ag nanoparticles while these nanoparti-
cles were constantly radiated under a dark-field micro-
scope illuminator (100 W halogen) for 12 h. The
illumination power on the focal plane of dark field (the
sample stage) measured by a power meter was (0.070
� 0.001) W. The LSPR spectra of single nanoparticles be-
fore and after the 12 h illumination showed that the
spectra remained unchanged (Figure 4A). Plots of scat-
tering intensity of single nanoparticles and background
(in the absence of nanoparticles) versus illumination
time in Figure 4B show that the scattering intensity of
individual single nanoparticles remains unchanged
over 12 h. Zoom-in plots of Figure 4B with short frame
interval of 40.6 ms (ms) further illustrate that small fluc-
tuations of scattering intensity of single nanoparticles
(Figure 4B&C: i) are similar to the intensity fluctuation of
the background (Figure 4B&C: ii), showing that the in-
tensity fluctuations are attributable to the illuminator
and the noise level of CCD camera. Thus, the result in
Figure 4 demonstrates that single Ag nanoparticles re-
sist photodecomposition and blinking.

Characterization of Size-Dependent Diffusion of Single
Nanoparticles. We then characterized the diffusion of
single nanoparticles in solution and determined their
dependence upon the size of nanoparticles using SN-
OMS. Unique features of single nanoparticle optics al-

Figure 3. Characterization of optically uniform Ag nanoparticles:
(A) representative optical image of individual Ag nanoparticles
show uniform blue color; (B) histogram shows that 99% nanopar-
ticles are blue with 1% light blue and no occurrence of green
and red. The dashed line and solid line squares illustrate the rep-
resentative detection areas for measuring the integrated intensity
of the absence (background) and presence of individual nanopar-
ticles (Figure 4), respectively, as described in Methods.

A
RT

IC
LE

VOL. 2 ▪ NO. 7 ▪ NALLATHAMBY ET AL. www.acsnano.org1374



low the size of nanoparticles to be directly determined

in solution using their size-dependent LSPRS (color).

LSPR spectrum of three representative colors (blue,

green, and red) of single nanoparticles in Figure 5A

shows the peak wavelength at 432, 543, and 655 nm,

respectively.

Real-time diffusion trajectories of single nanopar-

ticles recorded simultaneously in the solution using

a CCD with an acquisition rate of 3.3 frames per sec-

ond (fps) in Figure 5B show that the smallest nano-

particle (blue) travels the largest area while the larg-

est nanoparticle (red) diffuses in the smallest zone.

These results illustrate the dependence of the diffu-

sion coefficient on the sizes (radii) of single nanopar-

ticles, as described by the Stoke�Einstein equation,

D � kT/(6��a), which states that the diffusion coef-

ficient (D) depends on the viscosity of medium (�)

and the radii (a) of solute (nanoparticle).41,42 Thus,

in order to simultaneously probe multiple nanoenvi-

ronments in vivo (e.g., tracing intraembryonic fluids)

in real time, it is essential to design and simulta-

neously detect monodisperse single nanoparticle

probes in vivo in real time.

To track the diffusion of single nanoparticles in solu-

tion in real time, we used real-time square displace-

ment (RTSD) (square of diffusion distance at a given

time interval), instead of average (mean) of square dis-

placement over time. Thus, as nanoparticles diffused,

we were able to use RTSD to probe the gradient of vis-

cosity of the medium in real time. This approach al-

lowed us to probe the diffusion of single nanoparticles

Figure 4. Characterization of photostability of individual Ag
nanoparticles. (A) Representative LSPR spectrum (color) of a
single Ag nanoparticle shows a peak wavelength at 476
nm. (B) Representative plots of scattering intensity of (i) a
single nanoparticle and (ii) background versus illumination
time. (C) Zoom-in plots of (B) with frame interval of 40.6 ms,
showing that the scattering intensity of single Ag nanoparti-
cles and background remains unchanged.

Figure 5. Real-time imaging and characterization of size-
dependent diffusion of single Ag nanoparticles in solution. (A)
Representative LSPR spectra of single Ag nanoparticles with a
peak wavelength at 432, 543, and 655 nm. (B) Diffusion trajecto-
ries of single nanoparticles of (A) in solution. Each pixel � 0.067
�m. (C) Plots of RTSD of single nanoparticles in (B) versus diffu-
sion time, for the (i) blue, (ii) green, and (iii) red nanoparticle,
respectively.
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in solution with millisecond temporal resolution in real
time. Plots of RTSD versus diffusion time of the single
nanoparticles in Figure 5C are linear, indicating that
single nanoparticles diffuse by simple Brownian mo-
tion. The diffusion coefficient (D) of blue, green, and red
nanoparticles, calculated by dividing the slope of a lin-
ear plot of RTSD versus time by 4 (note: RTSD � 4D�t), is
10.42 � 10�8, 5.23 � 10�8, and 3.99 � 10�8 cm2/s,
respectively.

Simultaneous Imaging of Nanoenvironments of
Segmentation-Stage Embryos. A representative optical im-
age of a segmentation-stage zebrafish embryo in Fig-
ure 6A shows key components of embryo, including the
inner mass of embryo (IME), the yolk sac (YS), the
chorion space (CS), and the chorion layers (CHL) of the
embryo. The zoom-in image of the area marked by the
dashed square of Figure 6A shows the interface area of
the chorion layers with egg water medium (extra-
embryonic), the chorion space, and the interface area
of the chorion space with the inner mass of the embryo
(Figure 6B).

Segmentation stage of zebrafish embryos is a criti-
cal time in embryonic development during which the
foundation and organization of the axial skeleton and
the skeletal muscles of the vertebral column are being
assembled.43 Current studies show that each develop-
ing somite (vertebral segment) contains what will be-
come two main tissue types, sclerotome and myotome,
which give rise to the axial skeleton and skeletal muscle,
for locomotion, respectively. Although it remains essen-
tially unknown how somitogenic timing is regulated
and how embryonic morphogenesis and cell migration
are controlled,44 genetic studies have demonstrated
that certain signaling proteins exhibit critical functions
in determining organization of embryonic asymmetrical
pattern formation and organ placement in develop-
ment. Note that diffusion and movements of motor pro-
teins and signaling molecules highly depend on flow
patterns and viscosity gradients of embryonic fluids.
Thus, it is important to image flow patterns and viscos-
ity gradients of embryonic fluids in vivo in real time
while monitoring the development of embryos.

To this end, we simultaneously imaged and moni-
tored the diffusion of three Ag nanoparticles with iden-
tical color (green) located in three representative areas
of the chorion fluid of segmentation-stage zebrafish
embryos, aiming to map flow patterns and viscosity
gradients of embryonic fluids. As described in Meth-
ods, the low concentration of Ag nanoparticles (0.2 nM)
was used to incubate with segmentation-stage em-
bryos, and the diffusion measurements were completed
in minutes. At such a low concentration and short expo-
sure time, the effect of toxicity of Ag nanoparticles on
the embryonic development is minimum as we illus-
trated previously.6 We found that the diffusion trajecto-
ries of these identical nanoparticles are significantly dif-
ferent, as shown in Figure 6B. Note that single Ag

nanoparticles with the identical color (LSPR) have simi-

lar size (radius), as illustrated in Figure 2D. The diffusion

and trajectory analysis of three green Ag nanoparticles

at varying distances from the embryonic cell surface ex-

hibit the presence of counterclockwise flow patterns

(Figure 6D) and a wide range of viscosity gradients of

chorion fluid. The nanoparticles near the inner mass of

embryos show the maximum linear displacement (Fig-

ure 6B,a), and the nanoparticles in the chorion space

were the most restricted (Figure 6B,c). Overall, the

nanoparticles were all moving in counterclockwise di-

rection with flow rates ranging from 0.6 to 1.8 	m/s. Al-

Figure 6. Real-time imaging and probing of nanoenviron-
ments of a segmentation-stage (21 hpf) zebrafish living
embryo. (A) An optical image of the living embryo shows
the inner mass of embryo (IME), the yolk sac (YS), the
chorion space (CS), and the chorion layers (CHL) of the
embryo. The arrows show the counterclockwise flow pat-
terns of embryonic fluid. (B) Zoom-in image of CS, re-
gion marked by a square in (A), shows a close-up of CS,
and diffusion trajectories of three single green nanopar-
ticles (a) at the interface of IME and CS, (b) at CHL, and (c)
in the center of CS, show distinctive diffusion patterns,
indicating different nanoenvironments of embryo. The
arrows show the flow direction of nanoparticles and flow
patterns of embryonic fluid. Each pixel � 0.067 �m. (C)
Plots of RTSD of single green nanoparticles of (B) versus
diffusion time show distinctive diffusion modes. Scale bar
� 100 �m in (A) and 10 �m in (B).
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though cilia-driven fluid flows have been observed in

the zebrafish pronephros, brain and kupffer’s vesicle,27

to our knowledge, the counterclockwise flow patterns

have not yet been reported in zebrafish chorion space.

We observed that the nanoparticles near the chorion

layers (CHL), at the interface of intra- and extra-embryo,

moved along the membrane and moved in and out of

chorion pore canals (CPCs), showing a stepwise plot of

RTSD versus diffusion time (Figure 6B and C,b). As the

nanoparticles moved out of chorion pore canals, it ex-

hibited simple Brownian motion with D of 2.2 � 10�9

cm2/s. As the nanoparticles diffused into chorion pore

canals, its diffusion patterns were restricted (steps in the

plot), suggesting that the nanoparticle was trapped in

the chorion pore canals, which altered their normal dif-

fusion. Using the plot of RTSD versus time, we tracked

the entry of individual nanoparticles into chorion pore

canals and found that the period of time that individual

nanoparticles stayed in the pores ranges from 0.1 to

15 s, which is consistent with what we observed previ-

ously.6

A similar phenomenon was observed for the nano-

particles diffusing at the interface of the chorion space

and the inner mass of embryo (Figure 6B and C,a),

showing a stepwise plot of RTSD versus time and illus-

trating that the nanoparticles exhibit Brownian diffu-

sion with D of 2.3 � 10�9 cm2/s. As the nanoparticles at-

tempted to enter the inner mass of embryo, it displayed

confined diffusion. Interestingly, the diffusion coeffi-

cient of nanoparticles near the inner mass of the em-

bryo is similar to that near chorion layers, showing simi-

lar viscosity. Surprisingly, the nanoparticle near the

center of the chorion space displays Brownian diffu-

sion with the lowest diffusion coefficient of 2.8 � 10�10

cm2/s (Figure 6B and C,c), showing the highest viscosity.

Using the same approach, we measured similar loca-

tions in two other embryos and found similar phenom-

ena in that the nanoparticles near the center of the

chorion space show the lower diffusion coefficient,

ranging from 2.8 � 10�10 to 5.0 � 10�9 cm2/s, and

the higher diffusion coefficient in the chorion space

near the inner mass of embryo, spanning from 2.3 �

10�9 to 1.1 � 10�8 cm2/s. In the same segmentation-

stage embryos, we observed stunningly high viscosity

gradients (two orders of magnitude) of chorion space,

with the highest viscosity around the center of chorion

space and the lower viscosity in the area of chorion

space that are either near the chorion layers or the in-

ner mass of embryos.

The viscosity inside the embryo is 
20�188 times

larger than the viscosity of the egg water, suggesting

that the chorion layers are not porous enough to estab-

lish equilibrium of molecular (nanoparticle) transport.

We also note that the slopes of plot of RTSD versus time

in Figure 6C are not uniform through the entire mea-

surements, indicating high non-uniformity of the

chorion space and emphasizing the importance of
probing these nanoenvironments in real time.

Taken together, the results showed that single nano-
particle photonics could serve as effective nanoprobes
to simultaneously image and profile dynamics patterns
and viscosity gradients of multiple nearby nanoenviron-
ments of embryonic fluids in vivo at nanometer scale
in real time. We found, for the first time to our knowl-
edge, an interesting counterclockwise motion of the
fluid flow in the chorionic space of the developing
segmentation-stage zebrafish embryo. This is highly
significant because recent studies have shown that fluid
flow dynamics is of great importance and interest in
the developing embryo for the establishment of the
axial body and the positioning of the embryonic organ
systems.45 Even though many basic and interesting
questions about mechanisms of embryonic body-plan
dynamics and the formation of left�right asymmetry in
vertebrates remain essentially unknown, studies have
shown that fluid flow dynamics, specifically leftward
counterclockwise fluid flow, is important in establish-
ing left and right asymmetry in developing vertebrate
organisms.46–49 Flow dynamic patterns and viscosity
gradients of embryonic fluids affect motion and diffu-
sion modes of signaling molecules and cell migrations,
which play key roles in controlling the division and dif-
ferentiation of embryonic stem cells and embryonic
morphogenesis.48,49 Our findings will surely open up
new inquiries about their roles in shaping embryonic
morphogenesis. Further and substantial studies are un-
derway to depict their roles in developing embryos.

SUMMARY
In summary, we have successfully synthesized

Ag nanoparticles (11.3 � 2.3 nm) and used a simple
washing approach to reduce the ionic strength of
the solution, which increased the thickness of the
electric double layer on the surface of nanoparticles
and thereby enhanced the surface �-potential of the
nanoparticles. This approach allowed us to prepare
optically uniform (75�99%) and purified Ag nano-
particles that are stable (not aggregated) in solution
for months. Such superior stability enabled the effec-
tive use of Ag nanoparticles as individual nano-
probes for simultaneously imaging of multiple
events at nanometer resolution in vivo and avoided
time-consuming resynthesis and recharacterization
process. These Ag nanoparticles resist photodecom-
position and blinking and serve as single nanoparti-
cle photonic probes for continuous and simulta-
neous imaging of multiple nanoenvironments of
developing zebrafish embryos for hours. Unlike
other particle tracking experiments, we determined
given colored (sized) nanoparticles in situ using size-
dependent LSPRS (colors) of single Ag nanoparti-
cles and used the same color (size) of nanoparticles
for simultaneously measuring viscosities and flow
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patterns of multiple nanolocations of chorion space
of segmentation-stage zebrafish embryos in real
time. We found interesting counterclockwise flow
patterns with rates ranging from 0.06 to 1.8 	m/s
and astoundingly high viscosity gradients spanning
two orders of magnitude in chorion space, with the
highest viscosity observed around the center of
chorion space and the lower viscosity at both inter-
facial areas near chorion layer and the inner mass of
embryos. Work is in progress to further study the

possible change of viscosity gradients and flow pat-
terns of embryonic fluids over the entire develop-
ment, aiming to better understand the correlation
between embryonic fluid dynamics and embryonic
stem cell differentiation and development of
left�right asymmetry. One can now use the imag-
ing tools developed in this study for simultaneously
mapping of an array of dynamic events of interest in
vivo at nanometer resolution in real
time.

METHODS
Synthesis and Characterization of Stability of Ag Nanoparticles. Silver

nanoparticles were synthesized by reducing AgClO4 with NaBH4

and sodium citrate as described in the following:1,6 sodium cit-
rate dihydrate (0.3 mM) and NaBH4 (10 mM) were completely dis-
solved in 247.5 mL of ice-cold nanopure water. AgClO4 (2.5 mL,
10 mM) was rapidly added to the reaction mixture, and the solu-
tion was homogeneously stirred at 425 rpm overnight at room
temperature. After the reaction was completed, the solution was
immediately filtered using 0.2 	m sterilized membrane filters
(Whatman). Ag nanoparticles were immediately washed twice
with nanopure water using centrifugation at 15 000 rcf (relative
centrifugal force). The washed Ag nanoparticles were resus-
pended in nanopure water. Both washed and unwashed Ag
nanoparticle solutions were stored in the dark at 4 °C for fur-
ther characterization and used. The nanoparticle concentrations
were calculated as described in our previous studies.1,50 All re-
agents, such as NaBH4 (�98%, EMD), sodium citrate (Sigma-
Aldrich), and AgClO4 (�99.9%, Alfa Aesar), were purchased and
used without further purification. The nanopure water (Nano-
pore, 18 M�) was used to prepare solutions and rinse glassware.

The unwashed and washed Ag nanoparticles suspended in
solution were characterized over 2 months after synthesis to in-
vestigate their stability using UV�vis spectroscopy (Hitachi
U-2010), SNOMS, high-resolution transmission electron micro-
scopy (HRTEM) (FEI Tecnai G2 F30 FEG, at 300 kV), and dynamic
light scattering (DLS, Nicomp 380ZLS particle sizing system). The
�-potentials of nanoparticles in solution were also measured us-
ing Nicomp 380ZLS particle sizing system.

SNOMS was well-described in our previous studies for real-
time imaging and spectroscopic characterization of single nano-
particles in single living cells and for single molecule
detection.3,6,9,10,17,42,51,52 In this study, EMCCD (PhotonMAX)
equipped with a spectrograph (SpectraPro-150) (Roper Scien-
tific) was used for LSPR spectra characterization of single nano-
particles. EMCCD, a high-resolution CCD camera (Micromax, 5
MHz Interlin) (Roper Scientific), and color digital camera were
used for imaging and characterization of single nanoparticles in
solution and in embryos.

Characterization of Photostability of Single Nanoparticles. We deter-
mined the photostability of single Ag nanoparticles by acquir-
ing sequential optical images of single Ag nanoparticles using a
EMCCD camera with an exposure time at 100 ms and a readout
time of 40.6 ms, while these nanoparticles were constantly irra-
diated under a dark-field microscope illuminator (100 W halo-
gen) for 12 h, as described previously.6 We measured the illumi-
nation power at the sample stage (focal plane of dark field),
showing (0.070 � 0.001) W during the experiment. We inte-
grated scattering intensity of individual nanoparticles within a
20 � 20 pixel area (as marked by solid line squares in Figure 3A)
and acquired average background intensity of several detection
areas with the same size of detection volume (20 � 20 pixel) in
the absence of nanoparticles (as marked by dashed line squares
in Figure 3A). We subtracted the average background intensity
from the integrated intensity of single nanoparticles and indi-
vidual background area. We then plotted the subtracted inte-
grated intensity of individual nanoparticles and background as
a function of time (Figure 4B and C).

Breeding and Monitoring of Zebrafish Embryos. We housed wild-
type adult zebrafish (Aquatic Ecosystems) in a stand-alone sys-
tem (Aquatic Habitats), maintained, and bred zebrafish as de-
scribed previously.6,29 Typically, for breeding, two pairs of
mature zebrafish were transferred into a clean 10 gallon breed-
ing tank. The bottom of the tank was covered with marbles to
prevent embryos from being consumed by zebrafish. A light (14
h)�dark (10 h) cycle was used to trigger breeding and fertiliza-
tion of embryos and was maintained throughout the experi-
ment. We collected the embryos at segmentation stage (21 hpf:
20�25 somites), transferred them into a Petri dish containing
egg water (1.2 mM stock salts in DI water), washed twice with
egg water to remove the surrounding debris, and placed them
directly into a self-made microwell containing 0.2 nM Ag nano-
particles in DI water to image the diffusion of nanoparticles and
probe nanoenvironments of the embryos in real time using our
SNOMS. The diffusion measurements were completed within
minutes.

Data Analysis and Statistics. We measured and analyzed at least
100 nanoparticles for characterization of size and color distribu-
tion of single nanoparticles using HRTEM and SNOMS, respec-
tively. Each experiment was repeated at least three times. Thus,
at least 300 nanoparticles were analyzed to gain sufficient statis-
tics for determination of size distribution and color distribution
of single nanoparticles and correlation of sizes and colors of
single nanoparticles. The size distribution of bulk nanoparticles
in solution measured by DSL is the same as those measured at
the single nanoparticle level by HRTEM, demonstrating that the
histogram of size distribution (Figure 2D) indeed represents bulk
measurements at single nanoparticle resolution.

For diffusion measurements, we simultaneously monitored
at least three nanoparticles with the same color in three repre-
sentative locations of interest in chorion space of embryos, and
each measurement was repeated at least three times in three dif-
ferent embryos. All other experiments were repeated at least
three times, and representative data were presented.
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