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ne of the key aspects in the for-

mation of complex organs and

tissues is to understand how and
why progenitor cells are restricted to a par-
ticular developmental pathway due to the
regulation of multiple signaling inputs. For
example, skeletal muscle, blood, heart,
bone, cartilage, and dermis of the verte-
brate posterior body are derived from a
small population of mesodermal progeni-
tor cells that are spatially and temporally
regulated due to the interplay of multiple
signaling pathways that include bone mor-
phogenetic proteins (Bmps),"? Nodal,® and
Wnts.* ¢ The advancement of cell-labeling
techniques and imaging technologies pro-
vides an opportunity to track different cell-
types in live embryos through space and
time at subcellular resolution. Thus specifi-
cation of the fate of the cells to form into
different organs and tissues during devel-
opment could be understood at the molec-
ular scales.

Until now several imaging methods
have been employed using nanoprobes
(NPs) for in vivo studies including magnetic
resonance imaging (MRI),” single photon
emission computed tomography,® and
dark-field® and fluorescence imaging,'® to
name a few. Surface-enhanced Raman scat-
tering (SERS), has attracted much attention
because of its ability to provide rich molec-
ular information with high sensitivity due to
the sharp and distinguishable vibration
bands from the Raman spectra even under
stringent physiological conditions.' '3 The
high sensitivity of SERS is due to the electro-
magnetic field coupling on roughened
metal surfaces and junctions, which can
cause the scattering signal of the molecule

Www.acsnano.org

ABSTRACT Nanoparticles are increasingly being used to investigate biological processes in various animal
models due to their versatile chemical, unique optical, and multifunctional properties. In this report we address
the biocompatibility and biodistribution of nanoparticle sensors used for Raman chemical imaging in live zebrafish
(Danio rerio) embryos. Surface-enhanced Raman scattering (SERS) nanoprobes (NPs) comprising gold nanoparticles
(AuNPs) as enhancing substrate and nonfluorescent Raman labels were synthesized and microinjected into
zebrafish embryos at the one-cell stage. Raman mapping was performed to assess their distribution in various cell-
types and tissues of developing embryo at five different stages between 6 and 96 hpf (hours post-fertilization).
Biocompatibility and toxicity studies indicate that the NPs are not toxic and the embryos were found to exhibit
normal morphological and gene expression in addition to the proper form and function of major organs such as
the heart and vasculature (of 7 day old NPs injected zebrafish embryos). A multiplex in vivo detection protocol was
developed by SERS imaging to demonstrate that multiple labels can be detected by Raman mapping in
undifferentiated cells as they develop into distinct cell- and tissue-types. The present work is the first to report
on multiplex Raman imaging of zebrafish embryos with potential implications in tracking tissue development and
biological processes at single molecule sensitivity using appropriate target molecules in vivo.

KEYWORDS: SERS nanoprobes - zebrafish embryos - multiplex in vivo Raman
mapping - gene expression - biocompatibility - biodistribution

to increase by several orders of magnitude
compared to fluorescence.'*'6 SERS detec-
tion is also considerably less sensitive to
photobleaching and the characteristic Ra-
man bands are up to 2 orders of magnitude
narrower than fluorescence bands, which
makes SERS imaging an exciting choice es-
pecially for the development of in vivo mul-
tiplex detection platforms.’” Capitalizing

on these unique features, recent studies
have focused and reported on in vivo SERS
imaging. For instance, dye molecules bound
to gold nanoparticles (AuNPs) or silver
nanoparticles (AgNPs) in living cells were
shown to be trapped in the cytoplasm by
SERS imaging.'®"2* Although a few previous
studies have demonstrated the potential of
SERS, the technology is still in its infancy
and needs further refinement for use as a
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Scheme 1. lllustration of the SERS probe and the one-cell stage injection and not the yolk.

molecular imaging tool. More recent efforts have re-
ported on the biocompatibility and localization dynam-
ics of nanoparticles in zebrafish embryos.>~?” How-
ever, their biodistribution in zebrafish embryos as cells
develop into different organs after injection, starting
from the one-cell stage, was not attempted. In addi-
tion, information on the choice of appropriate Raman
labels and their toxicity is not available. The motivation
thus is to demonstrate a Raman platform for multiplex
chemical imaging of live zebrafish embryos.

Zebrafish was chosen as a model for sensor plat-
form development because of its unique optical clar-
ity, rapid growth and development, high fecundity, and
availability of large numbers of genetic mutant ze-
brafish lines. Herein, we report the detection and imag-
ing of microinjected SERS NPs in vivo in developing ze-
brafish embryos, from the one-cell stage. By SERS
mapping we show their localization as the embryos de-
velop into desirable stages as organs or tissues form
and yet not affect the development from 4 h (40% epi-
bobly stage) to 7 days post-fertilization.

Zebrafish embryos containing SERS NPs were evalu-
ated using three different criteria: (1) molecular gene
expression, (2) morphological formation of various tis-
sues, and (3) physiological development. SERS in vivo
imaging of zebrafish embryos during development
shows that NPs appear to be spread throughout the cy-
toplasmic bridges that connect all zebrafish blas-
tomeres. To the best of our knowledge, this is the first
report on multiplex SERS imaging of zebrafish embryos
to study its localization during development in conjunc-
tion with toxicity and gene expression studies. Our re-
search can also be applied to track the fate of targeted
NPs in dividing cells as they develop into tissues.

RESULTS AND DISCUSSION

Optimization of NPs and the Feasibility of SERS Detection in
Zebrafish Embryos. Scheme 1 shows the composition of
SERS probes and the injection process. Gold nanoparti-
cles (AuNPs) were chosen as Raman label enhancers be-
cause of their ability to provide enhanced Raman scat-
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tering effects. The nonfluorescent molecule
mercaptobenzoic acid (MBA) was chosen as one of the
probes due to its unique and distinct vibrational bands.
The conjugation of MBA on AuNPs was accomplished
through the Au—S bond as shown in the left of Scheme
1. The injection was performed by direct delivery of
NPs (Scheme 1A) into the cell region instead of the yolk
at the one-cell stage (Scheme 1B). The ideal NPs for
SERS detection in living subjects should have smaller di-
mensions (<60 nm), simple conjugation methods, mini-
mum or no cytotoxicity, and provide ample enhance-
ment for an intense and unique Raman spectra.?® First,
the size and concentration of nanoparticles were opti-
mized to obtain a highly resolvable Raman spectrum at
viable conditions from zebrafish embryos. Two differ-
ent sizes of AuNPs (25 and 40 nm) were investigated,
first in bulk solution and then in viable zebrafish em-
bryos, respectively, as shown in Supporting Information
Figure S1. The aromatic ring vibration bands, v;, and
vg, of MBA corresponding to 1078 and 1580 cm ™' were
observed as expected.?3° Of the two sizes tested,
AuNPs with the diameter of 40 nm yielded a higher en-
hancement both in solution (Supporting Information
Figure S1A,a) and from live embryos (Supporting Infor-
mation Figure S1B,a) and hence were used in further ex-
periments. The morphology and optical properties of
the optimized SERS NPs were then examined by TEM
(Figure 1A) and UV —vis absorption spectra (Figure 1B).
A slight red-shift in the surface plasmon resonance
peak of AuNPs (curves a,b in Figure 1B) after modifica-
tion by MBA confirms the functionalization step of MBA
to AuNPs through the thiolated linkage.

Two different concentrations of AUNPs were used
to further compare and optimize the signal as indi-
cated in Supporting Information Figure S2. The concen-
tration of AuNPs was calculated assuming that the
gold in the HAuCl, was reduced and excess MBA mol-
ecules removed through centrifugation. As expected, a
high concentration of AuNPs (5.0 nM) gave a much
stronger SERS signal compared to samples with a lower
(1.25 nM) concentration (Supporting Information

www.acsnano.org
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Figure 1. Typical TEM image of AuNPs (A) and UV —vis absorption spectra (B) of AuNPs (a) and AuNPs modified by MBA to con-
stitute SERS nanoprobes (b).

Figure S2,a). Therefore, AUNPs at a concentration of 5.0  organ progenitor cells are specified (Supporting Infor-
nM were chosen for in vivo SERS imaging experiments.  mation Scheme S1).3' Subsequently, the distribution of
To more clearly demonstrate the feasibility of SERS ~ SERS NPs in the different organs and tissues at later

mapping in zebrafish embryos, Raman spectra from stages could be followed. The optical image of zebrafish
early stage embryos were shown in Figure 2. Embryos ~ embryo with a low resolution (4X) objective (Figure
at the 6—8 hpf (hours post fertilization) stage were 2A) shows the ventral view of the embryo at 6—8 hpf.

first selected because at this stage different tissue and  Inspection of embryo between 6 and 8 hpf revealed
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Figure 2. Optical image of zebrafish embryo at the early stage (6—8 hpf): (A) 4x and (B) 20X objective lens and (C) SERS
spectra from zebrafish embryo at the indicated points in panel B .
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Figure 3. Microscopic images of wild-type embryo (left) and injection of 5 nM concentration of of SERS NPs (right).

that most of the SERS NPs were distributed almost non-
uniformly in the mesodermal region of the embryo (in
Supporting Information Scheme S1, the mesodermal re-
gion can be seen as a broad marginal zone) and no sig-
nal could be obtained within the yolk. Different spots
were selected from the optical image of the projected
section containing both the mesoderm and the yolk in
Figure 1B for Raman spectra acquisition (Figure 2C).
Even though the number of particles per cell decreased
overtime after the initial injection into the one-cell
stage of zebrafish embryos with approximately 3 X

108 particles, distinct SERS signal could be obtained
from the selected section of the early embryo with high
fidelity. Our observation suggests that SERS NPs are ex-
cellent sensors to study the distribution of NPs in ze-
brafish embryo.

Comparison of Morphological and Functional Development of
Zebrafish Embryos Injected with SERS NPs. The toxicity of
nanoparticles is an important concern in the develop-
ment of a meaningful SERS platform for in vivo monitor-
ing. Early studies illustrating the cytotoxicity of AUNPs
and AuNPs conjugates have shown that the size, sur-
face charge, or coatings on AuNPs will slightly influence
their toxicity.3236 For example, Connor et dl. reported
that AuNPs coated by citrate or biotin show no appar-
ent toxicity even at 250 wM to leukemia cells after ex-
posure for 3 days, while cysteine or glucose coated
AuNPs exhibited no cytotoxicity at a concentration of
25 uM to K562 cells even after 3 days of exposure.>”
However, similar research conducted in zebrafish em-
bryos using silver nanoparticles (AgNPs) show an al-
most 100% mortality at 120 h post fertilization, while
AuNPs had less than 3% mortality at the same time

point.3® Besides the toxicity of AUNPs and AgNPs,?38
nickel nanoparticles,® metal oxide nanoparticles,***!
and quantum dot (QDs)**** have also been attempted
to address the cytotoxicity and biocompability aspects
of nanoparticles. The concentration of SERS NPs used in
our work was several fold lower (5 nM vs 25 pM) than
the past studies. Nevertheless, the toxicity of SERS NPs
were evaluated at two different concentrations by fol-
lowing the morphological development of the NPs in-
jected embryos compared with the uninjected probes
as shown in Figure 3 (high concentration) and Support-
ing Information Figure S3 (low concentration). Images
of the development of SERS NPs injected embryos and
uninjected embryos (used as control) were obtained us-
ing a stereomicroscope (Olympus SZX16 with SDF
PLAPO 0.8X lens) fitted with a digital camera (Olym-
pus DP71) over a course of 7 days post fertilization. At
the 18-somite stage, morphological development of
somites (body musculature) along the
anterior—posterior body axis was observed. Consistent
with our in situ hybridization results, somites in NP in-
jected embryos develop normally compared to the
wild-type (Figure 4 panels E and F). After 4 days of de-
velopment (after hatching), a larval fish was capable of
responding to touch, suggesting that the central ner-
vous system appears intact. After 7 days of develop-
ment, a normal looking larval fish with a good balance
and ability to feed on live paramecia was observed.
Most of the organs such as those in the cardiovascular
system and other organs such as the eye movement
and muscles were found to function normally com-
pared to the uninjected controls. As shown in the Sup-
porting Information (video animation of blood flow),
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Figure 4. Expression of genes in SERS NP-injected and uninjected control embryo during development. (A—D) Animal views
with dorsal to the right. (A,B) expression of no tail in the mesoderm of uninjected (A) and SERS NPs injected (B) embryos at
the stage of 40% epiboly. (C, D) Expression of goosecoid (gsc) in the dorsal domain of uninjected (C) and SERS NPs injected
(D) embryos at the stage of 40% epibobly. (E—H) Lateral views with anterior to the left. (E, F) expression of myoD in the de-
veloping somites along the anterior—posterior body axis of uninjected (E) and SERS NP injected (F) embryos at the 18-somite
stage. (G, H) Expression of b-globin in the vasculature of uninjected (G) and SERS NPs injected embryos at 24 hpf. (I, J) Dor-
sal views with anterior to the left. Expression of tbx20 in developing cardiac regions of uninjected (I) and SERS NP injected (J)
embryos.

the blood circulation and mechanical function of the Gene Expression Profiles of Embryos Injected with SERS NPs at
cardiac chambers of the wild-type embryo and SERS Various Stages of Development. During development, cell-
NPs injected embryos were not affected clearly demon-  fate is determined by the expression of genes, which is
strating that the physiological function of embryos activated spatially and temporally by combinatorial sig-
were not affected. naling pathways. Injection of SERS NPs may lead to
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Figure 5. Analysis of uninjected and SERS probe injected embryos using in situ TUNEL and dual color skeletal staining as-
says. (A—D) Lateral views with anterior to the left. (A, B) In situ TUNEL assays of (A) uninjected and (B) injected embryos at
24 hpf. Arrowheads indicate the eye region, black arrows indicate the forebrain and black bracket marks the tail region. (C,
D) In situ TUNEL assays of (C) uninjected and (D) injected embryos at 48 hpf. (E, F) Lateral views with anterior to the left of (E)
uninjected, and (F) injected embryos at 5 day postfertilization (dpf). Close-up ventral views with anterior to the left of pan-
els E and F showing the normal development of the pharyngeal skeleton.

disruption of normal gene expression that is too subtle
to detect by morphological observation, and it is there-
fore important to examine the patterns of gene expres-
sion in embryos containing SERS NPs at various stages
of development. During embryogenesis, no tail (ntl), a
member of the T-box transcription factor family and an
early marker for the induction of mesoderm that gives
rise to the posterior body structures (Figure 4A) was
monitored. We found that the expression of ntl is prop-
erly induced in both SERS NP injected and uninjected
embryos at the stage of 40% epiboly (Figure 4A,B).
Since the dorsal and ventral regions could not be distin-
guished by the expression of ntl at this stage, the ex-
pression of goosecoid (gsc), a member of the ho-
meobox transcription factor family, which is a dorsal
specific marker was examined. We found that, gsc ap-
peared normal in SERS NPs injected embryos compared
to the control (Figure 4C,D). These findings suggest
that the specification and patterning of the distinct
dorsal-ventral cell fates of the mesodermal progenitor
cells occurred normally in embryos with SERS NPs. Af-
ter gastrulation, the mesoderm is known to give rise to
structures such as muscles, blood, and heart. Specific
molecular markers were used to examine the forma-
tion of these mesodermal structures at different stages
of development. At the 18-somite stage, the expression
of myoD, muscle specific marker, in developing somites
along the anterior—posterior body axis was examined

ACANT AN ] ;
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and the myoD expression was found to be normal in
developing somites which eventually could give rise to
the musculature of the posterior body (Figure 4E,F). The
expression of B-globin, a blood specific marker and
tbx20 in the cardiac structure was found to be unal-
tered at 24 hpf (Figure 4G—)J). Overall, gene expression
profile shows that the SERS NPs do not have any detri-
mental effects in embryo development. Collectively, our
data suggests that SERS NPs even at the highest con-
centration (5 nM) used in this study shows excellent
biocompatibility and no cytotoxicity.

Whole-Mount in Situ TUNEL and Dual Color Skeletal Staining
Assays. To further demonstrate the apparent lack of tox-
icity of SERS probes in the development of zebrafish
embryos, in situ TUNEL assays were performed to de-
tect apoptotic cells. At 24 hpf, a slight increase in apop-
totic cell death was observed in the tail region of in-
jected embryos (Figure 5B, black bracket), compared
to the control embryos (Figure 5A, black bracket). Inter-
estingly, injected embryos with low concentration of
SERS NPs showed significantly lower levels of apoptotic
cell death compared to control embryos (Supporting In-
formation Figure S5C, black bracket). These results are
consistent with our previous findings of the observed
normal development of SERS probe injected embryos
for up to 7 days (Figure 3). Dual color staining to exam-
ine the development of cartilage and bone of unin-
jected and SERS probe injected zebrafish embryos at 5

www.acsnano.org
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Figure 6. Raman mapping of the dorsal region of zebrafish embryo (14—16 hpf) injected with SERS NPs. (A) Optical image of the dor-
sal region of the zebrafish embryo and the markers highlight representative areas: (I) forebrain, (Il) hatching gland, (lll) eye. (B) SERS in-
tensity map of the C—C vibration band from SERS NPs at 1078 cm™". (C) SERS spectra collected from three different points of the head

as shown in panels A and B.

day postfertilization showed no obvious difference in
the development of the pharyngeal skeleton between
SERS probe injected and uninjected control embryos
(Figure 5E,F). These findings suggest that the SERS
probes used in this study at the indicated concentra-
tions do not have any detectable toxic effects on em-
bryo development.

www.acsnano.org

Distribution of NPs in Embryos at Different Stages of
Development by SERS Imaging. In recent years, studies relat-
ing to the distribution of nanoparticles in cells and tis-
sues have attracted increased attention because of the
potential that NPs in cells could be used for diagnostic
and therapeutic purposes. Past research has demon-
strated that TEM and fluorescence imaging are the most
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Figure 7. Raman mapping of the body musculature of the zebrafish embryo (14—16 hfp) injected with SERS NPs. (A) The optical im-
age of the body musculature of the zebrafish embryo and the markers highlight representative areas: (1) yolk, (Il) vechal vein, (Ill) somite.
(B) SERS intensity maps of C—C vibration band from SERS NPs at 1078 cm™". (C) SERS spectra collected from three different points of

the embryo shown in panels A and B.

widely employed techniques for direct examination of
NPs in single cells.*** Imaging by TEM is effective for
static observation but is a destructive technique. Al-
though fluorescence has its advantages in in vivo imag-
ing of cells or animal models, photobleaching, back-

@WK) VOL. 4 = NO.7 = WANG ET AL.

ground cellular autofluorescence, and lack of single
molecule sensitivity are challenges to overcome. Ra-
man mapping based on SERS can be used for multi-
plex noninvasive in vivo monitoring of targets at single
particle sensitivity. Here, Raman mapping was used to
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(B) SERS intensity maps of C—C vibration band from SERS NPs at 1078 cm™". (C) Typical SERS spectrum collected from the point

marked by P as shown in A.

track the distribution of SERS NPs (5 nM) in zebrafish
embryos microinjected into the one-cell stage. The bio-
distribution of SERS NPs was first documented in two
separate regions of the embryo at 14—16 hpf as indi-
cated in Figures 6 and 7. Figure 6A gives the optical im-
age of the anterior view of the embryo at the 14—16
hpf and 6B gives the Raman map of the entire area of

ages, it is obvious that the SERS NPs were distributed
in the anterior region that included the forebrain, eyes,
and hatching gland. The distribution of SERS NPs in the
body musculature of the same zebrafish embryo of Fig-
ure 6 is illustrated in Figure 7. Figure 7A,B provides the
optical and SERS image of the body musculature of the
zebrafish embryo, among which, spectra a, b, and ¢

A. Figure 6C gives the SERS spectra obtained from the  are obtained from the yolk, the ventral vein, and somite
point indicated in Figure 6 panels A and B. From the im-  regions of the body musculature, respectively. Our
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Figure 9. Characterization of SERS NPs embedded inside a fully developed (48 hpf) zebrafish using SERS measurement. (A) Optical im-
age of a normally developed zebrafish. The red markers highlight representative areas: () forebrain, () pharyngeal skeleton, (lll) hind-
brain, (IV) heart, (V) yolk, and (V1) somite. (B) SERS spectra obtained from those tissue sections outlined in panel A.
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otic vesicle, and (V) heart. (B) SERS spectra obtained from those tissue sections outlined in panel A.

results indicate that a SERS signal could be detected in
different tissues in developing zebrafish embryos, but
not in the yolk tube. Moreover, the injected embryos
developed indistinguishably from uninjected embryos
(as shown in Figure 3) to give a unique SERS signal
throughout the embryo. The observed distribution of
SERS NPs in the various tissues of the embryo indicates
that the injected NPs were able to spread to different
blastomeres during the cleavage stage of development
and ultimately into different organs and tissue progeni-
tor cells as these regions develop in the entire ze-
brafish organism.** It has been reported by Kneipp et
al. that the state of AuNPs in the cell varies with time,
and after 24 h AuNPs aggregated to form small AuNPs
clusters in the cytoplasm.*® In our experiments, two pro-
cesses were expected to cause the SERS NPs to distrib-
ute randomly throughout the tissues or organs in the
zebrafish embryo even though the SERS NPs were
microinjected at the one-cell stage. The first is a pro-
cess similar to that observed by Kneipp et al.,*® imply-
ing that NPs will aggregate to form small clusters with
time in the cytoplasm. The other is a dynamic process
where some SERS NPs localize in the cells as they divide.
To confirm our assumption, SERS spectra obtained
from embryos incubated or microinjected with NPs un-
der ideal conditions were compared. As shown in Sup-
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porting Information Figure S5, the SERS signal ob-
tained from embryos with probes uptaken by
incubation was much stronger than the signal from em-
bryos with microinjected probes. As reported by Lee et
al.?® during incubation, the nanoparticles initially
trapped will serve as the nucleation site to initiate the
formation of aggregates with the incoming nanoparti-
cles to form larger particle aggregates; that gives rise to
a strong SERS signal (Supporting Information Figure
S5). This is also expected because during the process
of incubation (~20 h) the embryos uptake nanoparti-
cles which redistribute as the cells divide, at the same
time providing ample opportunity for the internaliza-
tion of additional particles that are uptaken by embryos.
Therefore, incubation may not be a viable method for
intracellular tracking because it is not possible to local-
ize the probes to a specific region or track the trajectory
from the inception. Microinjection will minimize or
eliminate the aggregation of nanoparticles and facili-
tate its distribution into the different regions.

To observe the time-dependent distribution of SERS
NPs in the embryo, Raman mapping was performed
on zebrafish embryos at the 20—22 hpf (Figure 8),
where an optical image, Raman map of the selected
section, and a typical SERS spectra obtained from the
embryos were provided. From the image, the random
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Figure 11. Multiplex Raman mapping of two SERS NPs in the dorsal region of zebrafish embryo. (A) The optical image of
the dorsal region of zebrafish embryo (18—20 hpf) and the markers highlight representative areas: (I) forebrain, (Il) mid-
brain, (1ll) hindbrain, (V) otic vesicle. (B) SERS intensity map of C—C vibration band from SERS NPs-1 at 1078 cm~', and (C)

SERS intensity map of ring breathing vibration band from SERS NPs-2 at 1020 cm™". (D) Typical SERS spectrum collected from
the point marked by P as shown in A.

distribution of SERS NPs along the dosal region of the
zebrafish embryo could be observed and no signal was
observed from the yolk, consistent with the results ob-
tained from the early embryos as shown in Figures 2, 6,
and 7. Results indicate that Raman mapping can serve
as an excellent platform to study the distribution of
SERS NPs in different tissues and organs in developing
embryo.

To more clearly ascertain the distribution and accu-
mulation of NPs in different organs of zebrafish em-
bryo, Raman measurements were obtained from differ-
ent organs of the embryos at 48 hpf and 96 hpf as
shown in Figure 9 and Figure 10, respectively. It can
be seen that SERS NPs will distribute into multiple or-
gans (brain, mouth, pharyngeal skeleton, otic vesicle,
and tail) of normally developing zebrafish from the ini-
tial one-cell stage, conclusively demonstrating that
SERS NPs can compartmentalize into different cells as
the cells divide. Furthermore, we note that as the cells
divide, the number of SERS NPs in each cell decreases to
produce a weaker signal with cell division as shown in
the SERS spectra from the tail of developing embryos.
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Multiplex Imaging of SERS NPs in the Live Embryos. Simulta-
neous detection of multiple molecules is attractive be-
cause different targets can be traced in vivo. Multiplex
SERS imaging in vivo was demonstrated by coinjecting
two different SERS NPs (mercaptobenzoic acid, MBA,
and mercaptopyridine, MPY) in a 1:1 ratio at the one-
cell stage. These probes are respectively termed as SERS
NPs-1 and SERS NPs-2. The SERS spectra (Supporting In-
formation Figure S6) show typical vibration bands of
the two probes separately in the embryo and when co-
injected. The spectrum obtained from embryos co-
injected with the two probes represents the combina-
tion of Raman signals obtained from each of the two
SERS NPs. Raman maps of the two SERS NPs were ob-
tained to assess the distribution of the two coinjected
probes in the embryo. The first study was carried out in
the dosal region of embryos at the 18—20 hpf (Figure
11A, optical image). Figure 11D shows the vibration
bands from a typical SERS spectra from embryos co-
injected with the two probes. Raman maps were subse-
quently obtained corresponding to the 1020 cm™!
band of SERS NPs-2 (assigned to the ring breathing vi-
bration of MPY#¢) and 1078 cm ™" band of SERS NPs-1
lines (assigned to the C—C vibration of MBA),
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Figure 12. Raman mapping of two SERS NPs in the posterior region of zebrafish embryo: (A) optical image of the zebrafish em-
bryo (18—20 hpf) and the markers highlight representative areas: (l) presomitic mesoderim, (ll) blood island, (lll) somite. (B) SERS
intensity map of the C—C vibration band from SERS NPs-1 at 1078 cm™" and (C) SERS intensity map of ring breathing vibration
band from SERS NPs-2 at 1020 cm™". (D) Typical SERS spectrum collected from the point marked by P as shown in panel A.

respectively (indicated in Figure 10B,C), representing
the location of the two probes in the same embryo. Fur-
ther experiments into the posterior region of the em-
bryos from the same 18 to 20 somite stage (Figure 12)
show the distribution of the two SERS NPs after injec-
tion at the one-cell stage. The multiplex SERS image
(Figure 12B,C) along the posterior region of the em-
bryo indicates that the two NPs will experience the
same process discussed above and tend to distribute
throughout the whole embryo. However, if the SERS
NPs were functionalized with specific cell surface mark-
ers targeting different cell types the development of
specific organs and tissues during the development
process can be monitored. Given the choice of nonflu-
orescent probes demonstrated in our earlier work,*
4—8 different cell types could be simultaneously moni-
tored by SERS imaging.

SUMMARY

Understanding the biocompatibility and biodistribu-
tion of nanosensors in a living system is one of the key
requirements of nanomedicine. We utilize zebrafish em-

MATERIALS AND METHODS

Chemical Reagents. Hydrogen tetrachloroaurate (lll) trinydrate
(HAuCl, - 3H,0, 99%), sodium citrate dehydrate,

NTA NS ] ;
@%\&) VOL. 4 = NO.7 = WANG ET AL.

bryo as a platform to track the distribution and assess
the biocompatibility of SERS NPs via in vivo and multi-
plex Raman chemical imaging. Our proof-of-concept
study demonstrates that microinjected SERS NPs at the
one-cell stage could distribute into different tissues
and organs of zebrafish embryos during development.
The normal morphology of SERS NP-injected zebrafish
embryos was assessed by the expression of molecular
markers to confirm the expression of genes at various
stages suggesting that the embryos are normal and the
probes are not toxic. By multiplex SERS imaging we
confirm the detection and distribution of two nonfluo-
rescent probes in zebrafish embryo microinjected at the
one-cell stage. To conclude, SERS could be a powerful
tool for monitoring multiple targets simultaneously
during embryo development with single molecule sen-
sitivity. Thus intricate physiological and pathological
processes in embryo development could be monitored.
Our study will set the stage for developing a compre-
hensive Raman imaging platform for multiplex in vivo
detection and quantification of cell phenotypes in ze-
brafish models.

4-mercaptobenzoic acid (MBA), and 4-mercaptopyridine (MPY)
were obtained from Sigma-Aldrich Chemical Co. and used with-
out further purification. Water was purified with Milli-Q plus
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system (Millipore Co.) and the resistivity was assessed to be
>18 M- cm.

Preparation of SERS NPs. All glassware used in the following pro-
cedures was thoroughly cleaned in a bath of freshly prepared
3:1 HCI:HNO; (aqua regia), rinsed with Milli-Q water and oven-
dried prior to use. AuNPs of different sizes were synthesized by
aqueous reduction of HAuCl, with sodium citrate according to
Frens’s method.>®

Two different Raman labels were used, SERS NPs-1 com-
posed of AuNPs and MBA, and SERS NPs-2 composed of AuNPs
with MPY. SERS NPs-1 was fabricated by functionalizing AuNPs
labeled by MBA (AuNPs—MBA) with modification.’’ Approxi-
mately 150 pL of T mM MBA was added to 15 mL of the as-
prepared AuNPs in a NaOH-treated glass vial with magnetic stir-
ring to facilitate the reaction for 12 h. The contents were then
centrifuged at 8000 rpm for the 25 nm AuNPs and at 6000 rpm
for the 40 nm AuNPs at room temperature for 15 min twice to re-
move free MBA prior to use. The SERS NPs-2 comprising AuNPs
and MPY was prepared using a similar process. After centrifuga-
tion, 1.5 mL of SERS NPs were redispersed in 120 and 30 pL wa-
ter, respectively, to obtain two different concentrations (1.25 and
5 nM) of SERS NPs for embryo experiments.

TEM Instrument. The size and morphology of AuNPs were ob-
tained from transmission electron microscopy (TEM), using a
Philips CM-100 TEM (Philips, Eindhoven, Netherlands) operating
at 100 kV.

UV—Visible Absorption Instrument. Absorption spectra of AUNPs
and SERS NPs were measured with a Jasco V570 UV/visible/NIR
spectrophotometer (Jasco, Inc., Easton, MD) in the wavelength
range from 400 to 900 nm.

Raman Measurements. NIR-SERS spectral acquisition for ze-
brafish embryo was conducted using the SENTERRA confocal Ra-
man system (Bruker Optics Inc., Billerica, MA) with a 20X air ob-
jective with a 785 nm excitation laser with a 50 wm pinhole for
confocality. The laser power and accumulation time were 10 mW
and 10 s, respectively.

Raman Mapping was carried out using the DXR Raman
microscopy (Thermo Fisher Scientific Inc. Waltham, MA) with a
computer-controlled x,y stage in a 12 wm step size for the tail of
embryo and 14 wm step size for the head of the embryo at 780
nm excitation. The excitation intensity and accumulation time
was 10 mW and 10 s, respectively.

Before each Raman measurement, zebrafish embryos were
anesthetized with tricaine in accordance with the approved ani-
mal protocol of Purdue University.

Embryos and Microinjection. Zebrafish embryos (Danio rerio) were
obtained by natural spawning of the adult AB strain of zebrafish.
Embryos were raised and maintained at 28.5 °C in system water
and staged as described.>? Embryos were first collected at the
one-cell stage, transferred into an injection tray containing sys-
tem water, and the cell of the embryo was oriented to directly
face the injection needle. SERS NPs were then injected directly
inside the cell of embryo at the one-cell stage. Each embryo was
injected with approximately 1 nL volume of SERS probe using a
Picospritzer IIl (Parker Hannifin). Scheme 1 shows the schematic
of this microinjection step. Embryos were then collected at ap-
propriate stages for visual observation using stereomicroscope,
Raman experiments, and in situ hybridization tests. The amount
of SERS NPs corresponding to an injected volume of 5 X 1078
mole can approximately be estimated to be 3 X 10° particles.

Whole-Mount in Situ Hybridization and TUNEL and Dual Color Skeletal
Staining Assays. Embryos were collected at the appropriate stages
and fixed in 4% paraformaldehyde, pH 7.0, in phosphate-
buffered saline (PBS), overnight at 4 °C. Fixed embryos were
dechorionated, washed three times with PBS, and stored in
methanol at —20 °C. Whole-mount in situ hybridization was per-
formed using digoxigenin-labeled antisense RNA probes and vi-
sualized using antidigoxigenin Fab fragment conjugated with al-
kaline phosphatase (Roche Corp.) as previously described.®
Riboprobes were made from DNA templates, linearized and tran-
scribed with either SP6 or T7 RNA polymerases. Embryos were
processed and hybridized as previously described.® Whole-
mount in situ TUNEL (terminal deoxynucleotide transferase-
mediated dUTP nick-end labeling) was performed using the AP
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(alkaline phosphatase). In situ Cell Death Detection Kit (Roche
Corp.) was performed as previously described.>> Whole-mount
dual color staining was carried out as described.>
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Supporting Information Available: Figure S1 gives the SERS
spectra of Raman reporters functionalized with SERS probes of
two different diameters in bulk solution and in live zebrafish em-
bryo with control; Figure S2 compares the SERS spectra of Ra-
man reporters functionalized NPs in bulk solution and in live em-
bryos at two different concentrations; Figure S3 provides
microscopic images of wild-type embryo and embryos injected
with 1.25 nM concentration of SERS NPs; Figure S4 shows the
analysis of uninjected and SERS probe injected embryos using
in situ TUNEL and dual color skeletal staining assays. Figure S5
shows the SERS spectra from zebrafish embryo incubated with
SERS NPs. Figure S6 gives the spectra from embryos injected
separately and co-injected with two different SERS NPs, respec-
tively. Scheme S1 shows the fate map of the deep cell layer at
6—8 hpf. Two real-time videos, movies 1 and 2, illustrate the
blood flow in the heart and vasculature of the wild-type and in-
jected zebrafish embryo 7 days old, respectively. This material is
available free of charge via the Internet at http://pubs.acs.org.
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