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ABSTRACT: Nanomaterials possess unusually high surface area-to-volume ratios and
surface-determined physicochemical properties. It is essential to understand their
surface-dependent toxicity in order to rationally design biocompatible nanomaterials for
a wide variety of applications. In this study, we have functionalized the surfaces of silver
nanoparticles (Ag NPs, 11.7 ± 2.7 nm in diameter) with three biocompatible peptides
(CALNNK, CALNNS, CALNNE) to prepare positively (Ag-CALNNK NPs+ζ),
negatively (Ag-CALNNS NPs−2ζ), and more negatively charged NPs (Ag-CALNNE
NPs−4ζ), respectively. Each peptide diﬀers in a single amino acid at its C-terminus, which
minimizes the eﬀects of peptide sequences and serves as a model molecule to create
positive, neutral, and negative charges on the surface of the NPs at pH 4−10. We have
studied their charge-dependent transport into early developing (cleavage-stage) zebraﬁsh
embryos and their eﬀects on embryonic development using dark-ﬁeld optical microscopy
and spectroscopy (DFOMS). We found that all three Ag-peptide NPs passively diﬀused
into the embryos via their chorionic pore canals, and stayed inside the embryos throughout their entire development (120 h),
showing charge-independent diﬀusion modes and charge-dependent diﬀusion coeﬃcients. Notably, the NPs create chargedependent toxic eﬀects on embryonic development, showing that the Ag-CALNNK NPs+ζ (positively charged) are the most
biocompatible while the Ag-CALNNE NPs−4ζ (more negatively charged) are the most toxic. By comparing with our previous
studies of the same sized citrated Ag and Au NPs, the Ag-peptide NPs are much more biocompatible than the citrated Ag NPs,
and nearly as biocompatible as the Au NPs, showing the dependence of nanotoxicity upon the surface charges, surface functional
groups, and chemical compositions of the NPs. This study also demonstrates powerful applications of single NP plasmonic
spectroscopy for quantitative analysis of single NPs in vivo and in tissues, and reveals the possibility of rational design of
biocompatible NPs.

■

INTRODUCTION
Nanomaterials possess distinctive surface-dependent physicochemical properties and promise a wide range of applications,
from consumer products to medicines.1−6 For example, the tiny
sizes of nanoparticles (NPs) enable them to penetrate into
living organisms, and serve as noninvasive in vivo imaging
probes and drug delivery vehicles. Their high surface area-tovolume ratio allows them to conduct ultrasensitive molecular
sensing for potential early disease diagnosis and to carry a larger
payload of therapeutic molecules for eﬀective drug delivery.3,5,7−12 These potential applications demand rational design
of biocompatible nanomaterials, and development of eﬀective
methods to rapidly characterize their biocompatibility and
toxicity.
Noble metal nanoparticles (e.g., silver nanoparticles, Ag
NPs) exhibit distinctive plasmonic optical properties, which
depend upon their surface sizes, shapes, dielectric constants,
and surrounding environments.13−19 Individual Ag NPs possess
high quantum yields (QYs) of Rayleigh scattering, which enable
us to image and characterize single Ag NPs using DFOMS with
a halogen lamp as an illuminator.7−10,12,17,18,20−24 Unlike
ﬂuorescence molecules or quantum dots (QDs), single Ag
© 2013 American Chemical Society

NPs resist photobleaching and photoblinking, and they can
serve as photostable optical probes for sensing single molecules
of interest and imaging single live cells and embryos for any
desired period of time with nanometer (nm) spatial and
millisecond (ms) temporal resolutions.8,9,12,20−29
The nanomaterials (e.g., Ag NPs) have been increasingly
used in consumer products, ranging from socks, home
appliances, and water treatment to disinfection.1,3 Potential
release of engineered nanomaterials to ecosystems raises
serious concerns about their potential environmental impacts,
because their high surface area-to-volume ratios could lead to
high reactivity, and potentially cause adverse eﬀects on living
organisms. These concerns have inspired a wide variety of
studies on nanotoxicity.8,25−28,30−33
Currently, toxicities of nanomaterials are primarily studied
using conventional cellular toxicology assays, and their doses
and physicochemical properties (sizes, shapes and surface
properties) are not characterized in vivo in situ in real time.34−37
Furthermore, unpuriﬁed, unstable, or functionalized nanomaReceived: March 4, 2013
Published: April 26, 2013
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Ag-CALNNK+ζ, Ag-CALNNS−2ζ, and Ag-CALNNE−4ζ NPs, as shown
in Figure 1.

terials are widely used in the studies without in situ
characterization of their physicochemical properties.38−40
Notably, nanomaterials contain various residual chemicals,
which depend upon their preparation protocols. These residual
chemicals could cause various degrees of toxicity. Nanomaterials also need special care in order to remain stable (nonaggregated) in the medium of the study. Unfortunately, many
studies did not consider the eﬀects of their stability and residual
chemicals involved in preparation of nanomaterials, leading to
inconclusive and contradictory results.34−37
To study surface-dependent nanotoxicity, one must prepare
stable and puriﬁed nanomaterials and develop in vivo assays and
imaging tools to quantitatively determine doses, sizes, and
surface properties of nanomaterials in situ in real time.
Otherwise, unstable NPs could aggregate to become larger
NPs and precipitate out of the solution, leading to lower doses.
Unpuriﬁed NPs could provide various unexpected chemicals
that would cause wide ranges of toxicities. Thus, one would
unknowingly study size-, dose-, and chemical-contaminateddependent toxicity, instead of surface-dependent toxicity.
Zebraﬁsh embryos are superior in vivo model organisms over
other model organisms (e.g., mouse, rat, human).41−43 Notably,
the embryos develop ex utero and they are optically transparent,
which enables real-time visualization of developmental
processes and related pathological and mal-development
phenotypes, and direct study of transport and eﬀects of NPs
on embryonic development in vivo in real time. Zebraﬁsh
embryos complete their early development rapidly (120 h), and
each developmental stage is well-deﬁned. Massive amount of
embryos can be produced overnight at very low cost. Therefore,
zebraﬁsh embryos can potentially serve as high-throughput
ultrasensitive in vivo assays and as eﬀective aquatic model
organisms for screening of toxicity of a wide variety of
nanomaterials, and monitoring of their potential release into
ecosystems (e.g., rivers, ocean).24−29
In our previous studies,24−29 we used early developing
zebraﬁsh embryos (cleavage-stage) to study the size- and
chemical-composition-dependent transport, biocompatibility,
and toxicity of various-sized Ag NPs (11.6 ± 3.5, 41.6 ± 9.1,
and 95.4 ± 16.0 nm) and Au NPs (11.6 ± 0.9 nm; 86.2 ± 10.8
nm). In this study, we synthesize and characterize various
charged Ag-peptide NPs (11.7 ± 2.7 nm), and study their
charge-dependent transport into the embryos and their eﬀects
on embryonic development over 120 h, aiming to better
understand surface-dependent transport and nanotoxicity, and
to rationally design biocompatible NP imaging probes.

■

Figure 1. Synthesis and characterization of Ag-peptide NPs. (A) The
Ag-peptide NPs: (a) Ag-CALNNK NPs+ζ, (b) Ag-CALNNS NPs−2ζ,
and (c) Ag-CALNNE NPs−4ζ are prepared by functionalizing Ag NPs
with a given type of peptide (either CALNNK, CALNNS, or
CALNNE) using the interaction of the thiol group (−SH) of cysteine
with the surface of Ag NPs via the replacement reaction of the peptide
with citrate. (B) Plots of zeta potentials of the NPs in egg water versus
time show that their zeta potentials remain unchanged over time at (a)
3.0 ± 0.2, (b) −5.0 ± 0.1, and (c) −11.9 ± 0.9 mV.
The Ag-peptide NPs were washed three times with nanopure DI
water using centrifugation to remove the residual chemicals involved in
synthesis. The NPs in the pellets were resuspended in egg water (1.0
mM NaCl in DI water, embryonic medium), which were used to
characterize their stability and to study their transport into/in embryos
and their eﬀects on embryonic development. The supernatant
collected from the last washing step was used to incubate with
embryos over 120 h, which served as a control experiment to
determine the eﬀects of any possible trace chemicals involved in NP
synthesis on embryonic development.
We resuspended the pellet of each type of puriﬁed Ag-peptide NPs
in egg water and characterized their sizes, zeta-potentials, concentrations, and optical properties using high-resolution transmission
electron microscope (HRTEM, JEOL, JEM-2100 F), dynamic light
scattering (DLS, Nicomp 380ZLS particle sizing and system), UV−vis
absorption spectroscopy (Hitachi U2010), and DFOMS (Figures 2−4
and Figures S1 and S2 in the Supporting Information), respectively.
We characterized various concentrations of Ag-peptide NPs in egg
water over 120 h to determine their stability and “solubility” (nonaggregation) in egg water over the entire period of embryonic
development (120 h). The puriﬁed and stable Ag-peptide NPs were
used to study their diﬀusion into embryos and their eﬀects on
embryonic development.
We have fully described the designs and applications of our
DFOMS for real-time imaging and spectroscopic characterization of

MATERIALS AND METHODS

Synthesis and Characterization of Ag-Peptide NPs. We ﬁrst
synthesized the citrated Ag NPs by mixing AgClO4 (10 mM in
nanopure, deionized (DI) water, 2.5 mL) with a freshly prepared icecold solution (247.5 mL) of sodium citrate (3 mM) and sodium
borohydride (10 mM) with stirring overnight, as we described
previously.27,44 Polyethylene glycol (PEG-20) was added to the
colloidal Ag NPs to have the ﬁnal PEG concentration of 0.05%
(weight/volume, w/v), and stirred for 45 min to stabilize the NPs. We
then ﬁltered the solution using 0.22 μm ﬁlters. The solution (20 mL of
colloidal Ag NPs containing PEG, 0.05% w/v) was then mixed
dropwise with each type of peptide (0.38 mM in 0.5 mM PBS buﬀer
with 1.5 mM NaCl, pH 7.0), CALNNK, CALNNS, or CALNNE,
respectively.45,46 The mixtures were continuously shaken at 4 °C for
12 h to achieve the SN2 replacement reaction of the −SH group of the
peptides with citrates adsorbed on the surface of the NPs to prepare
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Figure 2. Characterization of sizes and shapes of single Ag-peptide
NPs using HR-TEM: (a) HR-TEM images and (b) histogram of size
distributions of (A) Ag-CALNNK NPs+ζ, (B) Ag-CALNNS NPs−2ζ,
and (C) Ag-CALNNE NPs−4ζ show their average diameters of 11.5 ±
2.9, 12.3 ± 2.7, and 11.3 ± 2.5 nm, respectively. The scale bars are 10
nm.

Figure 3. Study of plasmonic optical properties of single Ag-peptide
NPs using DFOMS. (a) Dark-ﬁeld optical images and (b) LSPR
spectra of single (A) Ag-CALNNK NPs+ζ, (B) Ag-CALNNS NPs−2ζ,
and (C) Ag-CALNNE NPs−4ζ show plasmonic green NPs with the
following λmax (full-width-at-half-maximum, fwhm): (A) (i) 508 (72);
(ii) 544 (93); (iii) 585 (99); (B) (i) 508 (68); (ii) 560 (88); (iii) 581
(101); (C): (i) 506 (69); (ii) 555 (98); (iii) 595 (111) nm;
respectively. The scale bars are 2 μm, which show the distances among
NPs, but not their sizes due to optical diﬀraction limit.

single NPs in solutions, single live cells, and embryos, and for single
molecule detection.7−10,12,17,20−29,47 In this study, a dark-ﬁeld
microscope coupled with a CCD camera (EMCCD, Coolsnap HQ2
or Micromax) and a spectrograph (SpectraPro-150, Roper Scientiﬁc)
or Multispectral Imaging System (MSIS, N-MSI-VIS-FLEX, CRi,
Hopkiton, MA) were used to image and characterize LSPR spectra of
single Ag-peptide NPs. The MSIS is an integrated system of a CCD
camera (SonyICX 285) and liquid crystal tunable ﬁlter.10,12,26,28,48,49
DFOMS-MSIS can simultaneously acquire dark-ﬁeld plasmonic optical
images and spectra of a massive amount of individual NPs with
spectral resolution of 1 nm, and enable high-throughput spectral
analysis and characterization of single NPs. The dark-ﬁeld microscope
is equipped with a dark-ﬁeld condenser (oil, 1.43−1.20), a microscope
illuminator (Halogen lamp, 100 W), and a 100× objective (Plan ﬂuor
100×, N.A. 0.5−1.3).
The customized peptides (98% purity, ChemPep, Inc.) and all other
chemicals (Sigma) were purchased and used as received. The DI water
(18 MΩ, Barnstead) was used to prepare solutions and rinse glassware.
Breeding and Monitoring of Development of Zebraﬁsh
Embryos. We housed wild-type adult zebraﬁsh (Aquatic Ecosystems)
in a stand-alone system (Aquatic Habitats) and maintained and bred
them as described previously.25−29,50 Brieﬂy, we placed 2−3 pairs of
mature zebraﬁsh into a clean 10-gallon breeding tank and used a light
(14 h)−dark (10 h) cycle to trigger the breeding and fertilization of
embryos. The cleavage-stage embryos (0.75−2.25 hpf) were collected,
transferred to Petri dishes, and thoroughly rinsed with egg water to
remove the surrounding debris. The washed embryos were then used
for real-time imaging of the diﬀusion and transport of single Agpeptide NPs into/in embryos and for quantitative study of their eﬀects
on embryonic development. All experimental procedures involving
embryos and zebraﬁsh were performed in compliance with the IACUC
guidelines.
In Vivo Real-Time Imaging of Diﬀusion and Transport of
Single Ag-Peptide NPs into/in Embryos. The cleavage-stage
embryos were incubated with a given type of Ag-peptide NPs (0−0.6

nM), either Ag-CALNNK+ζ, Ag-CALNNS−2ζ, or Ag-CALNNE−4ζ
NPs, in a microchamber. The diﬀusion and transport of single NPs
into/in embryos were imaged in real time using our DFOMS (Figure 5
and Figures S3−S5 in the Supporting Information), aiming to study
the charge-dependent transport and diﬀusion modes of single NPs. As
we described previously,25−28 we acquired localized surface plasmon
resonance (LSPR) spectra of single Ag-peptide NPs using DFOMSMSIS (Figures 3, 9−11), and used their distinctive plasmonic green
colors to identify and distinguish them from embryonic debris and
zebraﬁsh tissues, which appear white under dark-ﬁeld illumination.
Study of Dose- and Charge-Dependent Toxicity of AgPeptide NPs. We incubated the cleavage-stage embryos with a
dilution series of a given type of the Ag-peptide NPs, either AgCALNNK+ζ, Ag-CALNNS−2ζ, or Ag-CALNNE−4ζ NPs (2.0 mL per
well of 0, 0.1, 0.2, 0.4, and 0.6 nM) in 24-well plates (4 embryos/well)
for 120 h. The molar concentrations of Ag-peptide NPs (number of
single NPs per volume) were calculated as we described
previously.25−28,51 We conducted the control experiments by
incubating the embryos (4 embryos/well) with egg water alone, the
supernatants collected from the last washing of the Ag-peptide NPs,
and the peptide alone (in the absence of NPs) in three rows of the
same well plate as those embryos incubated with the NPs. Three
replicates (two additional sets of four embryos in each given
concentration in each well) were performed simultaneously. Thus,
the 12 embryos in three wells for each concentration and control were
studied for each run of the experiment. Each experiment was carried
out four times, and a total number of 48 embryos (12 replicates of 4
embryos for each concentration) were studied for each NP
concentration and each control experiment to gain representative
statistics (Figures 7 and 8).
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minimum of 100 NPs per measurement. For real-time imaging of
transport and diﬀusion of single Ag-peptide NPs into and in embryos,
we characterized a minimum of 12 embryos for each given
concentration. For the study of dose- and charge-dependent eﬀects
of the Ag-peptide NPs on embryonic development, we studied a total
number of 48 embryos with 12 replicates of 4 embryos per
measurement for each NP concentration and each control experiment.
We used a conventional statistical analysis method (ANOVA) to
analyze and determine the signiﬁcant diﬀerences of the embryos that
developed to normal or deformed zebraﬁsh, or became dead, as they
were incubated with various concentrations of each given type of Agpeptide NPs (0−0.6 nM). We found signiﬁcant dose- and chargedependent nanotoxicity for each given type of Ag-peptide NPs with
95% conﬁdence level (P = 0.05). In this study, we characterized the
eﬀects of Ag-peptide NPs on embryonic development at single embryo
and single NP resolution, and observed the rare events of interest
(deformed zebraﬁsh in Figure 6D−F), which otherwise would be
buried under ensemble measurements. The large number of single Agpeptide NPs and single embryos were studied to oﬀer representative
statistics to depict the ensemble properties of NPs and their eﬀects on
embryonic development at single NP and single embryo resolutions.

■

RESULTS AND DISCUSSION
Synthesis and Characterization of Stable and Puriﬁed
Ag-Peptide NPs. We synthesized, puriﬁed, and characterized
three diﬀerent charged Ag-peptide NPs by functionalizing the
surface of Ag NPs with three biocompatible peptides
(CALNNK, CALNNS, or CALNNE), respectively, as described
in Figure 1A and in Materials and Methods.45,46 We purposely
designed the nearly identical peptides as surface functional
groups for each type of NPs, aiming to minimize the potential
eﬀects of various surface functional groups on embryonic
development. Each peptide consists of 5 identical amino acids
with the identical sequence (CALNN). Each peptide diﬀers in a
single amino acid (lysine, serine, and glutamine with pKa of
10.8, 16, and 4.0, respectively) at its C-terminus, which oﬀers
positive, neutral, and negative charges at pH 4−10. Each
peptide has a cysteine on its N-terminus, and each cysteine has
a thiol group (−SH). The peptide was attached onto the Ag
NPs by the interaction of the −SH of cysteine with the surface
of Ag NPs via the SN2 replacement reaction of −SH with the
citrate adsorbed on the Ag NPs, which generated AgCALNNK, Ag-CALNNS, and Ag-CALNNE NPs, respectively.
The NPs were thoroughly washed with DI water using
centrifugation to prepare the puriﬁed NPs.
We characterized the surface charges of the puriﬁed Agpeptide NPs in egg water by measuring their surface zeta
potentials (ζ) over time, which show (3.0 ± 0.2), −(5.0 ± 0.1),
and −(11.9 ± 0.9) mV for the Ag-CALNNK, Ag-CALNNS,
and Ag-CALNNE NPs (Figure 1B), respectively. The results
indicate that Ag-CALNNK NPs+ζ have four times fewer charges
than Ag-CALNNE NPs−4ζ, while the Ag-CALNNS NPs−2ζ
exhibit negative charges (twice amount of the charges as AgCALNNK NPs+ζ), instead of the neutral. Note that the same
amount of each peptide was attached onto the surface of the Ag
NPs, as we characterized by measuring the amount of each
peptide remaining in the solution (supernatant) after the
functionalization. Therefore, the results suggest that the
replacement of the given peptides with citrate molecules on
the Ag NPs might be incomplete and some negatively charged
citrates might remain on the NPs. In this study, we purposely
prepared the Ag-peptide NPs with the lower surface charges,
aiming to compare their toxic eﬀects with the same sized
citrated Ag and Au NPs with similar zeta potential of −5 mV in
egg water, and to determine the sensitivity of cleavage-stage

Figure 4. Characterization of stability of Ag-CALNNK NPs+ζ in egg
water (CNPs = 0.6 nM) for 120 h. (A) The average number of NPs per
image at 0, 12, 24, 48, 72, 96, and 120 h is 117 ± 3, 115 ± 3, 116 ± 2,
115 ± 3, 113 ± 4, 115 ± 4, and 112 ± 3, respectively. The 20 images
are acquired at each given time using DFOMS. (B) UV−vis absorption
spectra of the NPs dispersed in egg water at 28.5 °C for (a) 0 and (b)
120 h show that its peak absorbance of 0.083 at 406 nm (fwhm = 100
nm) remains unchanged for 120 h. (C) Histograms of size
distributions of the NPs dispersed in egg water and measured by
DLS show their average diameters of (a) 11.2 ± 2.5 and (b) 11.3 ± 2.6
nm, for 0 and 120 h, respectively. The study of stability of AgCALNNS NPs−2ζ and Ag-CALNNE NPs−4ζ in egg water for 120 h is
shown in Figures S1 and S2 in the Supporting Information,
respectively.
The microwell plates with the embryos were incubated in a water
bath at 28.5 °C in the dark for 120 h. The developing embryos in the
plates were imaged at 2, 24, 48, 72, 96, and 120 hpf using an inverted
microscope (Zeiss Axiovert) equipped with a CCD camera (CoolSnap,
Roper Scientiﬁc).
Quantitative Imaging and Analysis of Single Ag-Peptide
NPs Embedded in Zebraﬁsh. The cleavage-stage embryos were
incubated with the given concentrations (0−0.6 nM) of each type of
Ag-peptide NPs (either Ag-CALNNK+ζ, Ag-CALNNS−2ζ, or AgCALNNE−4ζ NPs) continuously (chronically) for 120 h, and
developed to normal or deformed zebraﬁsh. The normal and deformed
zebraﬁsh were carefully rinsed with DI water to remove any external
NPs, ﬁxed using a tissue processor (Microm STP-120 Spin, Thermo
Fisher Scientiﬁc), embedded with paraﬃn using a tissue embedding
center (Shandon Histocenter 3 Embedding Center), and sectioned to
prepare thin-layer tissue samples (1−2 μm thickness) using a
microtome (HM360 rotary microtome, Thermo Fisher Scientiﬁc), as
we described previously.25−28 The number of individual Ag-peptide
NPs embedded in the tissues of interest were quantitatively
determined using their LSPR spectra acquired by DFOMS-MSIS
(Figures 9−11). A minimum of three slices of each given tissue were
analyzed for each measurement.
Statistical Analysis. For characterization of sizes, LSPR spectra,
and stability of single Ag-peptide NPs using HRTEM and DFOMS, we
studied 300 individual NPs for each type of Ag-peptide NPs with a
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Figure 5. Real-time study of charge-dependent transport and diﬀusion modes of single Ag-peptide NPs (CNPs = 0.6 nM) in chorion layers (CL),
chorion space (CS), and inner mass of the embryo (IME). (A) The cleavage-stage embryo shows (a) CL (the interface of chorion space and egg
water), (b) CS, and (c) the interface of CS and IME, as highlighted by squares. (B) Optical images show the diﬀusion of single green Ag-CALNNK
NPs+ζ (as circled) and (C) their real-time diﬀusion trajectories in (a) CL (as highlighted by two dashed lines); the square highlights the arrays of
(white dots) chorionic pore canals (CPCs). The pores have diameters of 0.5−0.7 μm and distances among neighboring pores at 1.5−2.5 μm; (b)
CS; (c) IME. The real-time optical images and diﬀusion trajectories of single green Ag-CALNNS NPs−2ζ and Ag-CALNNE NPs−4ζ are shown in
Figures S3−S5 in the Supporting Information. (D) Plots of RTSD versus diﬀusion time of single green: (i) Ag-CALNNK NPs+ζ, (ii) Ag-CALNNS
NPs−2ζ, and (iii) Ag-CALNNE NPs−4ζ show (a) constrained random Brownian motion in CL with diﬀusion coeﬃcients of (i) (1.7 ± 0.4) × 10−9,
(ii) (9.3 ± 2.5) × 10−10, and (iii) (3.4 ± 1.0) × 10−10 cm2 s−1; (b) simple random Brownian motion in CS with diﬀusion coeﬃcients of (i) (4.6 ±
0.9) × 10−9, (ii) (2.8 ± 0.3) × 10−9, and (iii) (2.1 ± 1.5) × 10−9 cm2 s−1; and (c) simple random Brownian motion at the interface of CS and IME
with diﬀusion coeﬃcients of (i) (3.0 ± 1.5) × 10−9, (ii) (1.5 ± 0.4) × 10−9, and (iii) (4.6 ± 0.7) × 10−10 cm2 s−1. Scale bars are (A) 400 and (B) 10
μm, and each pixel in (C) is 0.067 μm. The temporal resolution of sequential optical images for diﬀusion trajectory measurements in (b) is 100 ms.

embryos as in vivo assays for study of nanotoxicity.
Furthermore, we cannot study the neutral NPs, because surface
charges of the NPs are essential for them to avoid aggregations
and to suspend in the solution.
We characterized the sizes and shapes of the Ag-peptide NPs
using HR-TEM (Figure 2), showing spherical NPs with 11.5 ±
2.9, 12.3 ± 2.7, and 11.3 ± 2.5 nm diameters for Ag-CALNNK
NPs+ζ, Ag-CALNNS NPs−2ζ, and Ag-CALNNE NPs−4ζ,
respectively. We studied plasmonic optical properties and
LSPR spectra of single Ag-peptide NPs in egg water using
DFOMS (Figure 3), which shows plasmonic green NPs with
peak wavelengths (λmax) ranging from 506 to 595 nm. The
distribution of LSPR spectra of single Ag-peptide NPs is
attributed to the various sizes and surface morphologies of
single Ag NPs. Their sizes can be determined in situ in real time
using their LSPR spectra via calibration approaches (optical
nano ruler), as we reported previously.17,21,24,27 Notably,
functionalization of the Ag NPs with the peptides led to the

red shift of their LSPR spectra from blue to the green, due to
the decrease of their surface reﬂectivity and dielectric constant,
and increase of their surface sizes, as those we reported
previously.7,9,10,12 It also led to about one order of magnitude
weaker scattering intensity of single NPs, making it even more
challenging to image them.
We characterized the stability and “solubility” of NPs
(maximum concentrations of non-aggregated NPs) in the egg
water for 120 h using DFOMS, UV−vis absorption spectroscopy, and DLS. The results in Figure 4 and Figures S1 and S2
in the Supporting Information show that the number of each
type of Ag-peptide NPs suspended in egg water (0.6 nM), their
UV−vis absorption spectra, and their sizes remain unchanged
for 120 h, indicating that the NPs are very stable (nonaggregated) in egg water over 120 h (entire duration of
embryonic development). Notably, the sizes of Ag-CALNNK
NPs+ζ, Ag-CALNNS NPs−2ζ, and Ag-CALNNE NPs−4ζ in egg
water measured by DLS (Figure 4 and Figures S1 and S2 in the
908
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Figure 6. Optical images of: (A) Cleavage-stage embryos (0.75−2.25 hpf) that are used to incubate with the NPs (0−0.6 nM) over 120 h. (B)
Normally developing zebraﬁsh embryos: (a) late segmentation stage (24 hpf); (b) hatching stage (48 hpf); (c) protruding mouth pharyngula stage
(72 hpf); and (c) fully developed larvae (120 hpf). (C) Dead embryos. (D−F) Deformed zebraﬁsh for (D) Ag-CALNNK NPs+ζ, (E) Ag-CALNNS
NPs−2ζ, and (F) Ag-CALNNE NPs−4ζ incubated with the embryos over 120 h show (a) ﬁnfold abnormality, (b) tail/spinal cord ﬂexure, (c) cardiac
malformation, (d) yolk sac edema, (e) no eye in (D) and small eyes in (E) and (F). Scale bars = 500 μm.

Figure 7. Study of dose-dependent and charge-dependent toxic eﬀects of Ag-peptide NPs on embryonic developments. Histograms show the
percentages of embryos that have been incubated with (a) the NPs: (A) Ag-CALNNK NPs+ζ, (B) Ag-CALNNS NPs−2ζ, and (C) Ag-CALNNE
NPs−4ζ; and (b) control experiments (absence of the NPs): (i) egg water, (ii) supernatant (collected from last washing of the NPs), and (iii) 300 nM
of the given peptide of (A) CALNNK, (B) CALNNS, or (C) CALNNE, for 120 h, and develop to normal or deformed zebraﬁsh, or become dead.
48 embryos are used for each NP concentration, and error bars represent standard deviations of 4 replicated experiments.
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time at single NP resolution using DFOMS. The arrays of
chorionic pore canals (CPCs) with diameters of 0.5−0.7 μm
and distances among neighboring pores at 1.5−2.5 μm in the
CL were directly imaged using DFOMS (Figure 5B-a and
Figure S3-a in the Supporting Information), which agree well
with those determined previously by DFOMS24−28 and by
scanning electron microscopy (SEM).52
We found that all three Ag-peptide NPs diﬀused through
chorionic pores to enter the CS, then diﬀused in the CS, and
ﬁnally entered the IME, as shown in optical images and their
diﬀusion trajectories (Figure 5B,C and Figures S3−S5 in the
Supporting Information). We used the shortest exposure time
(the highest speed) and monochrome (black/white) mode,
instead of multichrome mode (color) of the CCD camera, to
track diﬀusion of the single NPs in real time. We acquired the
LSPR spectra (plasmonic colors) of the single NPs using colormode of the CCD camera (Figure 3) to distinguish them from
debris and embryonic cells and membranes, which appeared
white under dark-ﬁeld illumination. We determined the sizes of
single NPs in situ in real time using LSPR spectra of single Agpeptide NPs and the calibration approaches (optical nanoruler)
as we reported previously.17,21,24,27 Single Ag-peptide NPs with
similar LSPR spectra (sizes) were selected to minimize the
potential eﬀects of their sizes and to accurately study their
diﬀusion modes and diﬀusion coeﬃcients in various embryonic
compartments.
We characterized the diﬀusion modes of each given type of
NPs as they diﬀused into/in embryos by tracking diﬀusion
trajectories of single NPs and plotting real-time square
displacement (RTSD) versus diﬀusion time (Figure 5D and
Figures S3c−5c in the Supporting Information). We used
RTSD (diﬀusion distance at each time interval) rather than
mean-square displacement (MSD) (average distance over time)
to determine diﬀusion modes of the single NPs, because
embryonic environments are highly heterogeneous and change
over time, as embryos develop.
Plots of RTSD versus time for each given type of single NPs
that diﬀuse through CPCs into CS, in CS and IME (Figure 5D
and Figures S3c−5c in the Supporting Information) show
stepwise linearity, suggesting highly heterogeneous embryonic
environments. As described by diﬀusion theories,53−56 the
linear plots indicate simple random Brownian motion and steps
show restricted diﬀusion, showing that passive diﬀusion of
single NPs (but not active cellular signaling) enables them to
enter the embryos, and suggesting charge-independent
diﬀusion modes of the Ag-peptide NPs. The results show
constrained random Brownian motion for the NPs diﬀusing
through CL into CS, and simple random Brownian motions for
the NPs diﬀusing in CS and into/in IME. Individual NPs are
trapped from time to time as they diﬀuse through the CL from
egg water into CS and from CS to IME.
Interestingly, within the same duration of diﬀusion measurements and same embryonic environments (CL, CS, or IME),
the positively charged Ag-CALNNK NPs+ζ diﬀuse the fastest
and travel the longest distances, while the more negatively
charged Ag-CALNNE NPs−4ζ diﬀuse the slowest and the
shortest distances (Figure 5D). Diﬀusion coeﬃcients (D) of
single NPs are determined by dividing the slopes of linear
portions of the plots with four using two-dimensional (2D)
Random walk theory (RTSD = 4DΔt).55 (Note that each
microscopic image is a 2D image, which acquires 2D diﬀusion
of single NPs. Thus, 2D Random walk theory is used.) They are
(i) (1.7 ± 0.4) × 10−9, (ii) (9.3 ± 2.5) × 10−10, and (iii) (3.4 ±

Figure 8. Study of dependence of types of deformities upon the doses
and charges of Ag-peptide NPs. Histograms of distribution of
percentages of embryos, which were incubated with the NPs (A)
Ag-CALNNK NPs+ζ, (B) Ag-CALNNS NPs−2ζ, and (C) Ag-CALNNE
NPs−4ζ, for 120 h and developed to given types of deformities: (a)
ﬁnfold abnormality; (b) tail/spinal cord ﬂexure; (c) cardiac
malformation; (d) yolk sac edema; (e) eye abnormality (no eye or
small eye). The percentages of embryos that developed to each given
deformity are calculated by dividing the number of embryos that
developed to the given deformity by the total number of embryos that
developed to all types of deformed zebraﬁsh. Data represents the sum
of all measurements. Thus, error bars are not applicable here.

Supporting Information) are 11.2 ± 2.5, 12.8 ± 2.8, and 11.9 ±
2.8 nm, which are similar to those measured using TEM
(Figure 2). Molar absorptivity (extinction coeﬃcient) of the
Ag-peptide NPs is 2.6 × 108 M−1 cm−1, which is smaller than
the same-sized citrated Ag NPs (9.8 × 108 M−1 cm−1).24,27 The
result further indicates that the functionalization of Ag NPs
with the peptides leads to the decrease of their surface
reﬂectivity, dielectric constant, and absorptivity.
Real-Time Imaging of Charge-Dependent Transport
of Single Ag-Peptide NPs into/in Embryos. To study
charge-dependent diﬀusion and transport of single Ag-peptide
NPs in cleavage-stage embryos, we incubated each given type of
NPs with the embryos and tracked their diﬀusion into and in
embryos in real time using DFOMS. We ﬁrst determined how
single Ag-peptide NPs enter into embryos from egg water
(outside chorion, OC) and then their diﬀusion and transport
inside the embryos. Optical images of the embryos (Figure 5A)
show the chorionic layer (CL, the interface of egg water with
chorionic space, CS), CS, and the interface of CS with inner
mass of embryos (IME). The transport of the individual NPs
through these interfaces into IME was imaged in vivo in real
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Figure 9. Study of individual Ag-CALNNK NPs+ζ embedded inside (A−C) deformed and (D−F) normally developed zebraﬁsh using DFOMS. (A)
Optical image of a ﬁxed transverse section of a deformed zebraﬁsh. The rectangles outline (a) eye and (b) brain tissues. (B) Zoom-in optical images
of the tissues outlined in (A) show the NPs embedded in the tissues as circled. (C) Their LSPR spectra show plasmonic green NPs with λmax (fwhm)
(a) 545 (95) and (b) 559 (121) nm. (D) Optical image of a ﬁxed transverse section of a normal zebraﬁsh. The rectangles outline (a) eye and (b)
brain tissues. (E) Zoom-in optical images of the tissue sections outlined in (D) show the NPs embedded in the tissues as circled. (F) Their LSPR
spectra show plasmonic green NPs with λmax (fwhm) (a) 532 (98) and (b) 551 (111) nm. Scale bars: (A) 250, (B) 50, (C) 500, and (D) 50 μm.

1.0) × 10−10 cm2 s−1 for the single green Ag-CALNNK NPs+ζ,
Ag-CALNNS NPs−2ζ, and Ag-CALNNE NPs−4ζ going through
CL from egg water into CS, respectively (Figure 5D-a). Their
diﬀusion coeﬃcients in CS (Figure 5D-b) are (i) (4.6 ± 0.9) ×
10−9, (ii) (2.8 ± 0.3) × 10−9, and (iii) (2.2 ± 1.5) × 10−9 cm2
s−1; and their diﬀusion coeﬃcients in IME (Figure 5D-c) are (i)
(3.0 ± 1.5) × 10−9; (ii) (1.5 ± 0.4) × 10−9, and (iii) (4.6 ± 0.7)
× 10−10 cm2 s−1, respectively. The results show chargedependent diﬀusion coeﬃcients, and suggest charge-dependent
interactions of the NPs with the embryonic environments such
that the positively charged Ag-CALNNK NPs+ζ have the
weakest interactions with the embryonic environments, while
the more negatively charged Ag-CALNNE NPs−4ζ have the
strongest interaction. Further studies are needed to determine
their underlying molecular interactions.
Interestingly, diﬀusion coeﬃcients of each type of Ag-peptide
NPs (Ag-CALNNK NPs+ζ, Ag-CALNNS NPs−2ζ, and AgCALNNE NPs−4ζ) in egg water are similar as (4.4 ± 1.1) ×
10−8, (4.9 ± 1.2) × 10−8, and (5.6 ± 2.0) × 10−8, respectively.
Note that diﬀusion coeﬃcients of single NPs are inversely
proportional to the sizes of NPs and viscosities of medium, as
described by the Stokes−Einstein equation, D = kT/(6πηa),

where k is the Boltzmann constant; T is temperature; a is the
radius of single NPs; and η is viscosity of medium where NPs
diﬀuse in.55 Thus, the results further show that the observed
diﬀusion coeﬃcients in Figure 5D are indeed attributed to their
charge-dependent electrostatic interactions with embryonic
molecules, but not their sizes. The results also show that
embryonic environments are orders of magnitude more viscous
than egg water, similar to those we reported previously,25−28
demonstrating that the Ag-peptide NPs can serve as eﬀective
optical imaging probes to study embryonic nanoenvironments.
Zebraﬁsh Embryos as High-Throughput Ultrasensitive in Vivo Assays. Optical images in Figure 6A,B show
normal developmental zebraﬁsh embryos at cleavage (0.75−
2.25 hours-post-fertilization, hpf), late segmentation (24 hpf),
hatching (48 hpf), and protruding-mouth pharyngula stages (72
hpf), and fully developed larvae (120 hpf). Embryos are
optically transparent, and their developmental stages are clearly
deﬁned, which enable them to be characterized simultaneously.
Furthermore, a massive amount of embryos can be generated
rapidly (overnight) at very low cost, which could serve as highthroughput in vivo assays to screen biocompatibility and toxicity
of nanomaterials.
911
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Figure 10. Characterization of individual Ag-CALNNS NPs−2ζ embedded inside (A−C) deformed and (D−F) normally developed zebraﬁsh using
DFOMS. (A) Optical image of a ﬁxed sagittal section of a deformed zebraﬁsh. The rectangles outline (a) eye and (b) brain tissues. (B) Zoom-in
optical images of the tissue sections outlined in (A) show the embedded NPs in the tissues as circled. (C) Their LSPR spectra show green NPs with
λmax (fwhm) (a) 559 (111) and (b) 490 (99) nm. (D) Optical image of a ﬁxed sagittal section of a normal zebraﬁsh. The rectangles outline (a) eye
and (b) brain tissues. (E) Zoom-in optical images of the tissue sections outlined in (D) show the embedded NPs in the tissues as circled. (F) Their
LSPR spectra show green NPs with λmax (fwhm) (a) 492 (101) and (b) 557 (112) nm. Scale bars: (A) 250, (B) 50, (C) 500, and (D) 50 μm.

Study of Dose and Charge-Dependent Biocompatibility and Toxicity of Ag-Peptide NPs. We studied dosedependent toxic eﬀects of each given type of Ag-peptide NPs
on embryonic development by incubating cleavage-stage
embryos (Figure 6A) with various concentrations (0−0.60
nM or 0−3.43 μg/mL) of the Ag-peptide NPs suspended in
egg water for 120 h. The cleavage-stage embryos undergo
drastic changes and set forth the development of diﬀerent
organs for later embryonic developmental stages.41−43 Therefore, in this study, we select the cleavage-stage embryos to study
charge- and dose-dependent transport, biocompatibility, and
toxicity of the NPs, aiming to develop ultrasensitive in vivo
assays to eﬀectively characterize biocompatibility and toxicity of
the NPs.
Molar concentrations (0−0.60 nM) of the Ag NPs (but not
Ag atom or peptides) were calculated and used to describe the
dose- and charge-dependent biocompatibility and toxicity, as
we reported previously.25−28,51 It is worth noting that weight
and surface area of single NPs are proportional to the number
(mole) of single NPs, and molar concentration of NPs
accurately represents size, number (mole), and surface
properties of the NPs. Therefore, the dose-dependent eﬀects
of NPs on embryonic development in molar concentrations
represent dependence of nanotoxicity on their sizes, number,
and surface properties. In contrast, the w/v concentrations of
NPs do not represent number (doses) of NPs, and cannot
accurately reﬂect dependence of nanotoxicity on number and
surface properties of the NPs, because the diﬀerent-sized NPs

with the same w/v concentration contain diﬀerent numbers of
NPs, and thus diﬀerent surface areas and charges of the NPs.
Representative embryonic developmental stages were imaged
and assayed every 12 h over 120 hpf until the embryos fully
developed (Figure 6A,B). We determined and characterized the
number of embryos that developed to normal zebraﬁsh (Figure
6B), became dead (Figure 6C), or developed to deformed
zebraﬁsh (Figure 6D−F). The results in Figure 7 show various
degrees of dependence of embryonic development upon the
concentrations (doses) of all three Ag-peptide NPs. As the NP
concentration increased from 0 to 0.6 nM, the number of
embryos that developed to normal zebraﬁsh decreased, while
the number of embryos that became dead or developed to the
deformed zebraﬁsh increased.
All three Ag-peptide NPs generated several common and
severely deformed zebraﬁsh (Figure 6D−F), which included (a,
b) ﬁnfold abnormality and tail and spinal cord ﬂexure with
nearly 180° bend, (c) yolk sac edema with swollen and enlarged
yolk sac, (d) cardiac malformations (edema of the pericardial
sac region and cardiac arrhythmia), and (e) severe eye
abnormalities with microphthalmia (small eyes) and dissymmetric eyes. The distributions of types of deformities versus the
concentration of the Ag-peptide NPs in Figure 8 show that
more embryos develop to severely deformed zebraﬁsh (e.g.,
cardiac malformations and eye abnormalities) in the higher NP
concentration.
Notably, we observe signiﬁcant charge-dependent nanotoxicity among three Ag-peptide NPs and that the positively
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Figure 11. Characterization of individual Ag-CALNNE NPs−4ζ embedded inside (A−C) deformed and (D−F) normally developed zebraﬁsh using
DFOMS. (A) Optical image of a ﬁxed transverse section of a deformed zebraﬁsh. The rectangles outline (a) eye and (b) brain tissues. (B) Zoom-in
optical images of the tissue sections outlined in (A) show the embedded NPs in the tissues as circled. (C) Their LSPR spectra show green NPs with
λmax (fwhm) (a) 548 (102) and (b) 554 (121) nm. (D) Optical image of a ﬁxed sagittal section of a normal zebraﬁsh. The rectangles outline (a) eye
and (b) brain tissues. (E) Zoom-in optical images of the tissue sections outlined in (D) show the embedded NPs in the tissues as circled. (F) Their
LSPR spectra show green NPs with λmax (fwhm) (a) 559 (109) and (b) 491 (101) nm. Scale bars: (A) 250, (B) 50, (C) 500, and (D) 50 μm.

charged Ag-CALNNK NPs+ζ are the most biocompatible with
the embryonic development, while the more negatively charged
Ag-CALNNE NPs−4ζ create the highest toxicity toward the
embryonic development (Figure 7A-a). For instance, the
positively charged Ag-CALNNK NPs+ζ caused only 2% of
embryos to become deformed zebraﬁsh at 0.2 and 0.4 nM, and
13, 27, and 33% of the dead embryos for 0.2, 0.4, and 0.6 nM
NPs, respectively. The common types of deformed zebraﬁsh
(ﬁnfold and tail ﬂexure) are observed at the lower NP
concentration (0.2 nM), and all ﬁve types of deformities are
observed at the higher NP concentration (0.4 nM) (Figure 8A).
In contrast, the more negatively charged Ag-CALNNE
NPs−4ζ caused 6% of embryos to become deformed zebraﬁsh
with all ﬁve types of deformities at both 0.4 and 0.6 nM, and
15% of the dead embryos for the NP concentration as low as
0.1 and 0.2 nM, and 29% and 77% of the dead at 0.4 and 0.6
nM, respectively (Figure 7B-a). The low negatively charged AgCALNNS NPs−2ζ also created dose-dependent deformed
zebraﬁsh, 2, 6, 10, and 13% with ﬁnfold abnormality for 0.1
nM, and all other four and ﬁve deformities for 0.2, 0.4, and 0.6
nM, respectively (Figures 7C-a and 8C). Furthermore, the AgCALNNS NPs−2ζ caused the highest percentage of dead
embryos (42 ± 10)% for NP concentration as low as 0.1 nM,

which remained essentially uncharged as its concentration
increased to 0.2, 0.4, and 0.6 nM.
Three control experiments were conducted simultaneously
by incubating the embryos with egg water alone (blank
control), the highest concentrations of supernatants collected
from the last washing of the given Ag-peptide NPs, and given
peptides (Figure 7b). The results show that over 95% embryos
developed to normal zebraﬁsh, and none of the embryos
developed to deformed zebraﬁsh, indicating that the observed
toxic eﬀects of the NPs on embryonic development (Figures
6−8) are attributed to the NPs, but not other chemicals, and
the peptides are biocompatible with embryonic development.
Notably, if the Ag NPs released any suﬃcient amount of silver
cation (Ag+) that caused signiﬁcant toxic eﬀects on embryonic
development, we would have observed them in the control
experiments with supernatants. Furthermore, the positively
charged Ag-peptide NPs would have released more Ag+ because
of their same charge repulsion, and caused higher toxicity than
the negatively charged NPs. However, that was not what we
observed. Thus, the control experiments with the supernatants
enable us to eliminate potential toxic eﬀects of trace chemicals
(e.g., Ag+) resulting from Ag NP synthesis or their degradation
over time.
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Taken together, these interesting ﬁndings oﬀer reliable new
evidence, which shows charge-dependent toxic eﬀects of Agpeptide NPs on embryonic development in vivo in real time.
This study shows that the positively charged Ag-CALNNK
NPs+ζ with zeta potential of (3.0 ± 0.2) mV are more
biocompatible than both negatively charged Ag-CALNNS
NPs−2ζ and Ag-CALNNE NPs−4ζ. The lower negatively
charged Ag-CALNNS NPs−2ζ with zeta potential of −(5.0 ±
0.1) mV are more biocompatible than the higher negatively
charged Ag-CALNNE NPs−4ζ with zeta potential of −(11.9 ±
0.9) mV. The results suggest that electrostatic interactions of
the charged NPs with embryonic molecules may be responsible
for the observed charge-dependent nanotoxicity. However,
physicochemical properties of intraembryonic environments
remain largely unknown. Thus, further studies are needed to
characterize underlying molecular mechanisms of the chargedependent eﬀects of the NPs.
Quantitative Analysis of Single Ag-Peptide NPs
Embedded in Deformed and Normal Zebraﬁsh. To
determine why some embryos developed normally and others
became deformed or dead, we incubated cleavage-stage
embryos with each given type of Ag-peptide NPs (0−0.6
nM) chronically (continuously) for 120 h until they developed
to normal and deformed zebraﬁsh. We prepared thin-layer
sections (1−2 μm thickness) of the eye and brain tissues of
normal and deformed zebraﬁsh, and quantitatively imaged and
characterized single Ag-peptide NPs embedded in the tissues.
We are especially interested in probing whether and how the
NPs cause severe abnormality of the eyes and brains, which are
biomedically important organs.
The tissue sections (1−2 μm thickness) of representative
deformed zebraﬁsh with all types of deformities show the NPs
embedded in its eye (retina) and brain (Figure 9A−C), as
characterized by distinctive LSPR spectra of individual AgCALNNK NPs+ζ. Interestingly, the tissue sections of normally
developed zebraﬁsh (Figure 9D−F) also show the NPs
embedded in the tissues, similar to those of deformed zebraﬁsh.
The results show that the positively charged Ag-peptide NPs
diﬀuse into embryos and stay inside the embryos throughout
their entire development (120 hpf). Similar phenomena are
observed for both Ag-CALNNS NPs−2ζ and Ag-CALNNE
NPs−4ζ (Figures 10 and 11).
The number of each given type of Ag-peptide NPs
embedded in eye (retina) and brain tissues of normal and
deformed zebraﬁsh (Figure 12) shows that more NPs are
present in deformed zebraﬁsh than normal ones, indicating that
the accumulation of a higher amount of NPs in developing
embryos throughout their development (120 h) might have
caused their deformation. Notably, we observe the nearly
identical number of each type of NPs in the same detection
volumes of the same type of tissues of either deformed or
normal zebraﬁsh, respectively. The results further demonstrate
that all three types of Ag-peptide NPs diﬀuse into the embryos
and stay inside the embryos throughout their development
(120 h), and their diﬀerent toxic eﬀects on embryonic
development (Figures 7 and 8) are attributed to their charges,
but not their accumulated doses.
Unlike what we observed in our previous studies,25−28
plasmonic green NPs (but not other colors) are found in the
tissues of both deformed and normal zebraﬁsh. Their LSPR
spectra show plasmonic green colored NPs with λmax (fwhm),
ranging from 490 (99) to 559 (111) nm (Figures 9−11), which
are the same as those used to incubate with the embryos

Figure 12. Quantitative analysis of number of single Ag-peptide NPs
embedded in the eye and brain tissues of (a) normal and (b) deformed
zebraﬁsh: (A) Ag-CALNNK NPs+ζ, (B) Ag-CALNNS NPs−2ζ, and
(C) Ag-CALNNE NPs−4ζ, shows that more NPs are accumulated in
the tissues of deformed zebraﬁsh than normally developed zebraﬁsh.

(Figure 3). The results demonstrate that the NPs remain
unchanged over their 120 h incubation with the embryos,
showing that the Ag-peptide NPs are much more stable (nonaggregated) in the tissues than the citrated Ag NPs. The result
suggests the higher aﬃnity of −SH with the surface of Ag NPs
than the electrostatic interactions of citrates with the surfaces,
which can be highly altered by the pH and ionic strength of
surrounding medium.
It is worth noting that single NP plasmonic spectroscopy and
DFOMS enable us to achieve such quantitative analysis of
individual Ag-peptide NPs embedded in the tissues with submicrometer (μm) spatial resolution and 100 ms temporal
resolution. Even though it is hard to visualize single NPs in the
images (Figures 9−11: B and E), the distinctive LSPR spectra
of single Ag-peptide NPs (Figures 9−11: C and F), subtracted
from the tissue background, enable us to unambiguously detect
and quantitatively image single Ag-peptide NPs embedded in
the tissues, which has not yet been achieved by other optical
imaging methods. The analysis of single NPs using DFOMS is
rapid, which oﬀers high-throughput capabilities. Furthermore,
imaging of single NPs using DFOMS is non-destructive, which
preserves the tissues and enable them to be repeatedly
characterized using multiple detection methods.
Note that each deformed zebraﬁsh is distinctive and shows
speciﬁc phenotypes (none of them identical), and the tissues of
eyes and brains of each deformed zebraﬁsh are very small (μm
sizes), underscoring the importance of analysis of embedded
single NPs in individual tissues of interest. The conventional
ensemble analytical methods (e.g., inductively coupled plasma
mass spectrometry or atomic absorption spectroscopy) are
unsuited for such measurements, because one microsized tissue
would have to be surgically removed, dried, and weighed (to
ensure the same amount of each sample to be analyzed),
dissolved by acids to convert the Ag NPs to Ag+, and then
analyzed. These conventional analysis tools neither oﬀer any
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chemical compositions (Ag or Au NPs). Our studies show that
toxic eﬀects of the NPs on embryonic development are deﬁned
by the combination of multiple physicochemical properties of
the NPs, underscoring the importance of probing their eﬀects
one factor at a time. It is worth noting that these distinctive
ﬁndings cannot be extrapolated from any previous studies, and
cannot be generally applied to other types or other charges of
NPs.

spatial resolution nor provide suﬃcient sensitivity to
quantitatively analyze single NPs embedded in tiny tissues.
They are also time-consuming and destructive, which
completely destroys the tissue samples and prevents them
from being analyzed using various means.
New Findings of This Study. Several other studies have
reported charge-dependent cytotoxicity of nanomaterials.57−59
However, the studies are inconclusive. Majority studies showed
that positively charged NPs were more toxic toward given types
of cell lines than negatively charged NPs, and assumed that the
interactions of positively charged NPs with the cell membrane
caused the toxicity. Unlike this study, these previous studies
used in vitro cell assays and studied cytotoxicity, which has
numerous limitations (e.g., cell-line dependence). Furthermore,
these previous studies used highly charged NPs with zeta
potentials of −50 or +50 mV, and conventional chemicals as
surface functional groups, which could be toxic themselves.
Many of these previous studies did not use puriﬁed and
stable NPs, and did not perform control experiments with the
surface functional molecules. Consequently, it is unclear
whether those observed toxicities are attributed to the charges
of the NPs, aggregation of the NPs, residual chemicals, or their
surface functional molecules. Notably, all previous studies were
not carried out at single-NP resolution, but with conventional
ensemble measurements, which could not characterize dose
(number) and size of single NPs in situ in real time. Thus, it is
unclear whether those observed toxicities are attributed to their
various doses, sizes, or charges.
In our previous studies,25,27 we synthesized, puriﬁed, and
characterized same-sized citrated Ag NPs (11.6 ± 3.5 nm) and
Au NPs (11.6 ± 0.9 nm) with zeta potential of −5 mV in egg
water. We used the identical experimental approaches and
conditions as those described in this study, to determine their
eﬀects on embryonic developments. The results show that the
Ag NPs generate toxic eﬀects on embryonic development in a
dose-dependent manner. In contrast, the same-sized Au NPs
are much more biocompatible with embryonic development.
These previous studies clearly show the chemical compositiondependent toxic eﬀects of Ag and Au NPs on embryonic
development.
We also used the same approaches to study larger Ag NPs
(41.6 ± 9.1 and 95.4 ± 16.0 nm) and Au NPs (86.2 ± 10.8
nm).26,28 The results show that larger Ag NPs create higher
toxic eﬀects on embryonic development than smaller Ag NPs.
In contrast, the Au NPs display size-independent toxicity, and
larger Au NPs (86.2 ± 10.8 nm) are as biocompatible as smaller
Au NPs (11.6 ± 0.9 nm).
In this study, the results show that the Ag-peptide NPs share
the same diﬀusion modes as the same-sized citrated Ag and Au
NPs. Notably, all three types of Ag-peptide NPs are more
biocompatible with embryonic development than the samesized citrated Ag NPs. Among three Ag-peptide NPs, the
positively charged Ag-CALNNK NPs+ζ are the most biocompatible, which are nearly as biocompatible as the same-sized
citrated Au NPs. In contrast, the highly negative charged AgCALNNE NPs−4ζ are the most toxic ones, but still much more
biocompatible than the citrated Ag NPs. Interestingly, the AgCALNNS NPs−2ζ with the nearly identical zeta potential as
those of the citrated Ag NPs (−5 mV) create less toxic eﬀects
on embryonic development than the citrated Ag NPs.
Taken together, the results show the dependence of
biocompatibility and toxicity of the NPs upon their surface
charges, surface functional groups (peptide or citrates), and

■

SUMMARY
In summary, we have synthesized, puriﬁed, and characterized
three types of Ag-peptide NPs with nearly spherical shapes and
average diameters of (11.7 ± 2.7) nm. They are either
positively or negatively charged with zeta potentials of (3.0 ±
0.2), −(5.0 ± 0.1), or −(11.9 ± 0.9) mV. We further developed
our DFOMS for real-time quantitative imaging of single Agpeptide NPs in vivo in situ in real time, and in the tissues of
interest with both spatial and temporal resolutions. The results
show that all three Ag-peptide NPs are very stable (nonaggregated) in egg water, embryos, and zebraﬁsh over the entire
duration of embryonic development (120 hpf). They passively
diﬀuse into embryos via embryonic chorionic pores, and stay
inside the embryos throughout the embryonic development
(120 hpf), showing charge-independent diﬀusion modes and
charge-dependent diﬀusion coeﬃcients. The results show
distinctive charge-dependent toxic eﬀects on the embryonic
development, that the positively charged Ag-CALNNK NPs+ζ
create the lowest toxic eﬀects, while the highly negatively
charged Ag-CALNNE NPs−4ζ cause the highest toxic eﬀects on
the embryonic development. By comparing with our previous
studies of same-sized negatively charged citrated Ag and Au
NPs with zeta potential of −5 mV,25,27 all three Ag-peptide NPs
are far less toxic than the citrated Ag NPs. The Ag-CALNNK
NPs+ζ are nearly as biocompatible as the Au NPs, while both
negatively charged Ag-peptide NPs are slightly more toxic than
the Au NPs. Taken together, the results show the dependence
of toxic eﬀects of NPs toward embryonic development upon
their surface charges, surface functional groups (peptide,
citrate), and chemical compositions (Ag, Au), and suggest the
possibility of rational design of biocompatible NPs for a wide
variety of applications. This study shows that the embryos can
serve as ultrasensitive in vivo assays for study of surface chargedependent toxicity of NPs. The study also demonstrates the
powerful applications of DFOMS for real-time quantitative
study of the transport and eﬀects of NPs on embryonic
development, and for quantitative analysis of single NPs
embedded in the tissues.
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