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Abstract: Herein, we report fifty four membered, a new set of novel NIR Raman reporters and CyRLA-572 has been 
selected to be the best among them considering the signal intensity and stability. This new reporter molecule is an 
excellent partner with our in house Raman reporters (Cy7LA and Cy7.5LA). These three NIR Raman reporters are 
adsorbed on the gold nanoparticles to obtain their corresponding unique SERS fingerprints in which three individual 
characteristic peaks are capable to multiplex among them. These multiplexed Raman reporters are applied to de-
velop biocompatible and specific targeting SERS nanotags after tagging with specific antibodies. These multiplex 
targeted SERS nanotags are applied to detect three targeting receptors in differentiated mouse embryonic stem 
cells (mESCs) consisting three germ layers such as ectoderm, mesoderm and endoderm. After successful recogni-
tion of cells by SERS techniques, we detect simultaneously three germ layers in teratoma which is a monster tumor 
formed from mESC cells in animal xenograft model.

Keywords: Gold nanoparticles, multiplexing, teratoma, biocompatible, nanotags, in vivo, SERS, cell mapping, dif-
ferentiated germ layers, mesoderm, endoderm, ectoderm

Introduction

Embryonic stem cells (ESCs) have the capabili-
ty to differentiate into cell types consisting 
three embryonic germ layers [1]. This type of 
phenomenon of ESCs may potentially help in 
tissue engineering and cell replacement thera-
py for many diseases such as Parkinson’s dis-
ease [2], diabetes [3] and heart disease [4]. 
However, one major difficulty in the clinical 
application of ESCs is the potential threat of 
teratoma formation [5]. A teratoma is a mon-
ster tumor that consists of tissue from all three 
germ layers which are ectoderm, mesoderm, 
and endoderm. Due to the tumorigenicity of 
embryonic stem cells, tracking them in vivo is 
one of the vital steps in future clinical applica-
tions [6]. Therefore, there is an unmet need for 
a high sensitive method to be implemented in 
this purpose.

In the recent times, nanoprobes that produce 
signal from surface enhanced Raman scatter-
ing (SERS) have been the focus of profound 
study [7]. Typically these probes are based on 
colloidal metallic nanoparticle (NP) cores with 
adsorbed reporter dyes into the surface which 
engender characteristic SERS spectrum. By 
changing the adsorbed dye, various sets of NPs 
are obtained and, as their Raman peak widths 
are usually <5 nm FWHM (Full width at half 
maxima), potentiality in multiplex use signifi-
cantly exceeds that of any other present imag-
ing technique [8-10]. Consequently, benefits of 
SERS labels over existing labeling methods 
comprise the great spectral multiplexing capac-
ity for simultaneous target detection owing to 
the sharp width of vibrational Raman bands; 
quantification with the help of fingerprint inten-
sity of the analogous SERS label; the require-
ment for only a single laser source having single 
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excitation wavelength to excite the Raman 
spectra of all SERS labels; high photostability 
and optimal contrast by using red to near-infra-
red (NIR) excitation in order to minimize the dis-
turbing auto fluorescence of cells and tissues 
[11]. Because of these above advantages, to 
date, in vitro multiplexing of cell lines detection 
using SERS nanotags has been studied by dif-
ferent research groups [12, 13]. Our research 
group also recently demonstrated the multiplex 
targeted in vivo tumor detection by applying 
biocompatible NIR SERS nanotags [14]. In that 
study, a single targeting receptor in tumor has 
been recognized by varying three different 
nanotags which were functionalized either by 
positive or negative antibody. However, to the 
best of our knowledge there is no study to iden-
tify multiple targets simultaneously in in vivo by 
applying multiple nanotags that can multiplex. 
Herein, first time, we aimed to detect three 
simultaneous targets in teratoma, both in vitro 
and in vivo by applying three multiplexing tar-
geted SERS nanotags. To achieve this goal, 
firstly we develop a novel highly sensitive NIR 
Raman reporter CyRLA-572 which shows dis-
tinct multiplexing capability with previously 
developed Raman Reporter-set (Cy7LA and 
Cy7.5LA) for deep tissue excitation and its 
application to construct SERS nanotags for the 
active multiplex targeted in vivo teratoma 
detection in a live mouse.

Materials and methods

Surface plasmon absorption spectra were 
measured on a SpectraMax M2 spectropho-
tometer (Molecular Devices), and the data anal-
ysis were performed using Microsoft excel 
2007, Origin 8. SERS measurements were car-
ried out in a Renishaw InVia Raman (UK) micro-
scope with a laser beam directed to the sample 
through 50 × and 20 × objective lens and a 
Peltier cooled CCD detector in Singapore 
Bioimaging Consortium, Agency for Science, 
Technology and Research (A*STAR), Singapore. 
Samples were excited with a 785 nm excitation 
wavelength laser and Stokes shifted Raman 
spectra were collected in the range of 400 to 
2000 cm-1 with 1 cm-1 resolution. Prior to every 
measurement, a calibration with a silicon stan-
dard (Raman peak centered at 520 cm-1) was 
performed. WiRE 3.0 software package was 
used for data acquisition. Citrate capped col-
loidal gold nanoparticles (60 nm diameter) 
were purchased from BBI.

Synthesis of lipoic acid nitrophenol resin

Aminomethyl nitrophenol polystyrene resin was 
prepared according to reported procedures. 
The nitrophenol resin (2 g, 2.9 mmol, 1 eq.) was 
swollen in 10 mL of Dimethylformamide (DMF), 
and lipoic acid (2 g, 10 mmol, 3.3 eq.), N,N’-
diisopropylcarbodiimide (DIC; 1.2 mL, 12 mmol, 
4 eq.) and a catalytic amount of 4-Dimethy- 
laminopyridine (DMAP; 20 mg) were added to 
the resin, which was continuously shaken for 
24 h at r.t. Subsequently, the resin was washed 
with dichloromethane (DCM; 10 × 25 mL) and 
dried under vacuum until use.

General procedure for the synthesis of the 
CyRLA library

To synthesized CyRLA library, each of 1 μmol 
CyR library compound (80 compounds) was 
taken according to their plate code in the 2 mL 
of 96-deep well plate. About 30 mg (~20 μmol, 
20 eq.) of active-ester resin was added to the 
each well of the CyR library containing plate. 
Then, DCM: ACN (acetonitrile) (7:1) solvent mix-
ture of around 500 μL and catalytic amount of 
saturated solution of sodium bicarbonate 
(NaHCO3) were poured in to each well. The plate 
was kept in the shaker with moderate shaking 
for 6 hours. Then, the solution was filtered from 
the resin and dried to obtain pure products.

High throughput SERS screening

A freshly prepared solution (20 μM, 10 μL) of 
54 Raman reporters were incubated separately 
with citrate stabilized 60 nm gold colloids (90 
μL) in a ratio of 1:10 (v/v) for 10 mins. From this 
mixture, 20 μL was placed on glass slide and 
another glass cover slip was covered before the 
Raman measurement. The Raman spectra 
were carried out at 785 nm excitation laser 
source and similar exposure time to reveal the 
sensitive Raman reporters among 54 repor- 
ters.

SERS measurement of three different Raman 
reporters

Raman reporters used in the study are 1) λ795: 
CyRLA-572; 2) λ740: Cy7LA and 3) λ770: Cy7.5LA. 
A freshly prepared Raman reporter solution (20 
μM, 20 μL) was added drop-wise to gold 
nanoparticles (180 μL, 2 × 1010 number of 
AuNPs/mL) with stirring at a ratio of 1:10 (v/v). 
Then, Raman reporter’s adsorbed AuNPs solu-
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tion (20 µL) was placed on a clean glass slide 
then covered with a cover slip and Raman shift 
was measured by Raman Microscope under 50 
× objective lens. Experiments were repeated 
for three times.

UV-Vis spectroscopy

UV-visible spectra were acquired with a Hitachi 
U2090 spectrophotometer. A gold nanoparticle 
solution (1 mL) was placed in a cell, and spec-
tral analysis was performed in the 200 to 900 
nm range at room temperature. 

Mixed PEG encapsulation of SERS nanopar-
ticles and stability

A freshly prepared aqueous solution of Raman 
reporters (20 µM, 400 µL) was added drop wise 
to AuNPs with stirring at a ratio of 1:10 (v/v). 
This mixing strategy facilitated evenly distribu-
tions of the Raman reporters on the surface of 
AuNPs. Furthermore, Raman reporters were 
well adsorbed to AuNPs by the process of che-
misorption. Optimum concentration of Raman 
reporters was standardized for maximal SERS 
intensities and minimal colloidal aggregation. 
After 10 min of incubation, a SH-C2H4-CONH-
PEG-C3H6-COOH (PEGMW: 3000 dalton; RAPP 
Polymer GmbH) solution (10 µM × 60 µL) was 
added drop wise to the Raman-encoded AuNPs 
to have the minimum surface coverage. Another 
15 min later, CH3-PEG-SH (PEGMW: 5000 dalton; 
RAPP Polymer GmbH) (10 µM × 1800 µL) was 
added drop wise to have the maximum surface 
coverage of AuNPs. This surface coverage 
helps to form a monolayer of PEG on the AuNPs 
surface. Free CH3-PEG-SH was removed after 3 
hours of mixing by three rounds of centrifuga-
tion (4000 rpm, 15 mins) and it was re-sus-
pended in PBS buffer which was ready for the 
covalent conjugation at the carboxyl terminal of 
heterofunctional PEG. This monolayer protect-
ed gold colloids stabilized in various environ-
ments. The stability was studied at deionized 
water (DI) for 20 to 30 days. Three triplicates 
measurements were performed to check the 
SERS signal intensity.

Transmission electron microscopy (TEM)

Gold nanoparticles were visualized using 200 
keV TEM (JEOL 2010, Japan). Ten microliter 
droplets of the sample were drop casted onto a 
piece of ultrathin Formvar-coated 300-mesh 
copper grid (Electron Microscopy Sciences, 

Inc.) and left to dry in air. TEM images of the 
prepared colloidal gold nanoparticles were 
used for the size distribution measurements. 
For each sample, the size of at least 100 parti-
cles was measured and the average size and 
the standard distribution were obtained. In all 
cases, mean size and standard distribution 
measured by TEM were used for the 
calculations.

Antibody conjugation to SERS nanotags

A mouse monoclonal anti-CD34, CD184 and 
Notch1 antibodies purchased from Santa Cruz 
Biotechnology, Inc. and BioLegend. For bio-con-
jugation, the carboxyl functional groups on the 
nanoparticle surface were activated by adding 
ethyl dimethylaminopropyl carbodiimide (EDC, 
4 µL) and N-hydroxy succinimide (NHS, 5 µL) 
solution at a concentration of 25 mM each 
respectively. After 30 mins of mixing, the 
excess EDC and NHS were removed by single 
round of centrifugation (8000 rpm, 5 min) and 
resuspended in PBS. The purified Au-NPs with 
activated carboxyl groups were then reacted 
with azide free antibodies at 25°C for 2 hours 
in PBS buffer (20 mM, pH 7.3) and then stored 
the antibody conjugated nanotags at 4°C for 
overnight. Further non-specific binding chemi-
cals and antibodies were removed by centrifu-
gation (8000 rpm, 5 min) and final nanotags 
conjugated with specific antibodies were re-
suspended in PBS.

Cell preparation of mESC

mESC was maintained on gelatinized tissue 
culture dishes in high glucose DMEM supple-
mented with 20% ES FBS, 1% Pen Strep 
Glutamine, 1% Non-Essential Amino acid, 0.1% 
β-mercaptoethanol and 100 U/ml leukemia 
inhibitory factor (LIF, Chemicon). For trypsiniza-
tion, after removing the old media and washing 
by PBS (pH 7.3) the cells were incubated in the 
culture plates using 0.25% trypsin with 1 mM 
Ethylenediaminetetraacetic acid (EDTA) solu-
tion (Invitrogen) for 3 min at 37°C to obtain a 
single cell suspension. After neutralizing the 
trypsin by media spin down (1500 rpm for 3 
min) in a falcon tube to collect the pellet which 
is subcultured in non gelatinated cell culture 
dishes in the mESC media without leukemia 
inhibitory factor (LIF) and incubate for a 4-6 
days to make an embryonic body. After neutral-
izing the trypsin by media spin down (1500 rpm 
for 3 min) in a falcon tube to collect the pellet of 
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embryonic body which is subcultured in gelatin 
coated chamber slide with mESC culture media 
without LIF for 4 days.

Spectral measurements

The spectral measurements were carried out in 
a Raman microscope (Renishaw InVia, UK) 
using an excitation wavelength at 785 nm 
under 50 × objective lens coupled to a Peltier 
cooled CCD detector. The WiRE 3.0 software 
provided with the instrument was used for 
measurements, data acquisition and analysis. 
Raman spectra were collected in the range of 
400-2000 cm-1 with a resolution of about 
1 cm-1 and the exposure time was set at 10 s 
throughout the measurements. Baseline cor-
rection of the measured spectra was performed 
to remove the broad background and fluores-
cence background.

Cytotoxicity measurement

mESC was maintained on gelatinized tissue 
culture dishes in high glucose DMEM supple-
mented with 20% ES FBS, 1% Pen Strep 
Glutamine, 1% Non-Essential Amino acid, 0.1% 
β-mercaptoethanol and 100 U/ml leukemia 
inhibitory factor (LIF, Chemicon). For trypsiniza-
tion, after removing the old media and washing 

bated for 4 hour before recording fluorescence 
(560Ex/590Em) using a SpectraMax M2 plate 
reader.

Cell SERS mapping of mESC cells

For the cell SERS mapping experiment, cells 
were plated in 8 well glass slide chamber which 
is perfect for the SERS mapping experiment in 
Renishaw InVia Raman microscope system with 
a laser beam directed to the sample through a 
50 × objective lens, and a Peltier cooled CCD 
detector. When the embryonic body differenti-
ated into three germ layers on the glass slide 
chamber, 50 µL of each antibody conjugated 
three nanotags (Cy7LA@AuNPs@PEG-anti-
CD184, CyRLA-572@AuNPs@PEG-anti-CD34 
and Cy7.5LA@AuNPs@PEG-anti-Notch1) were 
applied in three individual wells in glass slide 
chambers. The nanotags treated glass slide 
chambers were incubate for 2 h and washed 
carefully by media and PBS buffer. Briefly, the 
cells were washed by media (5 min incubation 
followed by washing for thrice) and PBS (× 3, 
phosphate–buffered saline) after incubation at 
37°C with 5% CO2. Finally, the cover slide was 
placed on the glass slide chamber using a 
mounting solution, Electron Microscopy 
Science (EMS). This glass slide was applied for 
cell mapping experiment in streamline camera 

Figure 1. SERS intensity plot among different structure of cyanine de-
rivatives (CyRLA compounds). Each dye was incubated with 60 nm gold 
nanoparticles for 10 min before the spectra measurement. The most 
sensitive Raman reporters are found C4, C5, D5, E10, F9, and H5 named 
as CyRLA-329, CyRLA-335, CyRLA-240, CyRLA-572, CyRLA-442, and 
CyRLA-364 respectively. The spectra were measured in Renishaw InVia 
Raman microscope (Renishaw, UK, model: HPNIR785) using an excita-
tion wavelength of 785 nm. The reference peak for the comparison of the 
Raman intensity was 1208 cm-1.

by PBS (pH 7.3) the cells were 
incubated in the culture plates 
using 0.25% trypsin with 1 mM 
EDTA solution (Invitrogen) for 3 
min at 37°C to obtain a single cell 
suspension. After neutralizing the 
trypsin by media spin down (1500 
rpm for 3 min) in a falcon tube to 
collect the pellet which is subcul-
tured in gelatinated cell culture 
plate (96 well opaque cell culture 
plate) 3000 cells/well in 100 µL 
of mESC media. After preincuba-
tion of cells for 24 h, gold nanopar-
ticles (AuNPs), dyes (Cy7LA) and 
variable concentration of nano- 
particle conjugates (AuNPs with 
Cy7LA dye coated with mixed 
PEG) were incubated for 3 h at 
humidified cell culture conditions 
(37°C; 5% CO2) in mESC media. 
Then, CellTiter-Blue® solution 
(CellTiter-Blue® Cell Viability 
Assay from Promega) (20 µl/well) 
was added and cells were incu-



Multiplex SERS nanotags for teratoma detection

118	 Am J Nucl Med Mol Imaging 2014;4(2):114-124

with 785 nm laser source. Cell mapping mea-
surements at 523 cm-1, 586 cm-1 and 503 cm-1 
were carried out as raster scans in 2 µm steps 
over the specified area (aprox. 50 × 50 µm2) 
with 2 s as the integration time per step.

In vivo teratoma detection and SERS mapping 
experiment

Balb/c nude mice (age of 4-6 weeks, weight 18 
g) from the Biological Resource Centre 
(Biomedical Sciences Institute, A*STAR) were 
anesthetized by intraperitoneal injection (i.p) of 
ketamine (150 mg/kg)/xylazine (10 mg/kg) 
and differentiated mESC (mouse embryonic 
stem cells) cells were injected subcutaneously 
into the rear flank (5 × 106 cells) per site in a 

In another experiment, a mixture of three nano-
tags (100 µL, 130 pM of each nanotags i.e 
Cy7LA@AuNPs@PEG-anti-CD184, CyRLA-572@
AuNPs@PEG-anti-CD34 and Cy7.5LA@AuNPs@
PEG-anti-Notch1) were injected through tail 
vein and spectra were recorded in the range 
from 400-800 cm-1 after 4 h post injection. In 
the same time, mapping experiments at 523 
cm-1 and 503 cm-1 and 586 cm-1 were carried 
out as raster scans in 2 µm steps over the 
specified area (aprox. 50 × 50 µm2) with 2 s as 
the integration time per step from teratoma 
and liver area. The animal experiment proce-
dures were performed in accordance with a 
protocol approved by the Institutional Animal 
Care and Use Committee (IACUC # 120735).

Results

Development of biocompatible multiplex SERS 
active nanoparticles

A fifty four membered CyRLA library (Chart S1, 
Scheme S1, Table S1) was screened in pres-
ence of gold colloids. Surprisingly, five report-
ers (CyRLA-442 (F9), CyRLA-572 (E10), CyRLA-
364 (H5), CyRLA-335 (C5) and CyRLA-240 (D5)) 
showed SERS signal intensity much higher 
compare to the rest of the reporters (Figure 1). 
Hence, these five reporters were resynthesized 
(characterize by 1HNMR, ESI-MS, see support-
ing information) and then compared their SERS 
signal intensity to identify CyRLA-442, CyRLA-
572 and CyRLA-240 as the most promising 
reporters. Furthermore, we studied their signal 

Figure 2. Normalized SERS spectra of Cy7LA, Cy7.5LA and CyRLA-572 af-
ter chemisorption on gold nanoparticle with sizes of 60 nm. Spectra were 
measured in a Raman microscope (785 nm laser excitation, 1.2 mW laser 
power, and acquisition time: 10 s.

volume of 100 µL. When the tera-
toma grew to a size around 4 mm 
Cy7LA@AuNPs@PEG-anti-CD184 
nanotags (400 pM, 100 µL) were 
injected into the tail vein of that 
mice. After 4 h, mice were anes-
thetized by i.p injection of ket-
amine and xylazine mixture solu-
tion and in vivo teratoma 
detection was performed by 
scanning in the range from 400-
1600 cm-1 using a Renishaw InVia 
Raman microscope with 785 nm 
laser excitation coupled with 
streamlines CCD camera and 70 
mW laser power. The integration 
time was set as 10 s and the 
laser was coupled to the sample 
through a 20 × objective lens 
with a beam spot of aprox. 2 µm. 

Figure 3. Cell viability of mESC cells after 3 h incuba-
tion with A. Media+2 mM Tris Buffer; B. Cy-7LA (2 × 
10-6 M); C. AuNPs (5.6 × 10-8 M); D. AuNPs@Cy7LA@
PEG (5.6 × 10-8 M); E. AuNPs@Cy7LA@PEG (2.8 × 
10-8 M); F. AuNPs@Cy7LA@PEG (1.4 × 10-8 M).
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stability at 523 cm-1 for a month (Figures S4, 
S5, S6) after coating with biocompatible poly-
mer, polyethylene glycol (PEG). Considering 
both signal intensity and stability, we selected 

@PEG-anti-CD34 nanotags were obtained. A 
successful conjugation of antibody was charac-
terized by the maximum absorbance of proteins 
at 280 nm (Figure S8).

Figure 4. Bright field, SERS mapping images, merged images 
and complementary SERS spectra of differentiated mouse em-
bryonic stem cells (mESC) treated with three multiplexed ma-
motags (CyRLA-572@AuNPs@PEG-anti-CD34, Cy7LA@AuNPs@
PEG-anti-CD184 and Cy7.5LA@AuNPs@PEG-anti-Notch1. All 
mapping images were scanned at multiplex peaks of corre-
sponding nanotags (523 cm-1, 503 cm-1 and 584 cm-1) at an 
interval of 2 μm (785 nm excitation) and the intensities were 
normalized between the lowest (0) and the highest color (1) 
values. Scale bar: 20 μm.

CyRLA-572 was the best. This CyRLA-572 
along with other two in house Raman 
reporters absorb light in NIR regions (Figure 
S3) which helps to resonance with excita-
tion laser source at 785 nm to gain higher 
intensity. The adsorption of these Raman 
reporters was confirmed by comparing the 
surface Plasmon resonance (SPR) of gold 
colloids after and before treatment of 
Raman reporters (Figure S3). Furthermore, 
transmission electron microscopy (TEM) 
images of AuNPs@CyRLA-572@PEG (Figure 
S7) indicate that these nanoparticles are 
well dispersed after PEG encapsulation. 
After successful development of highly sen-
sitive NIR Raman reporter, we evaluated 
the multiplexing ability of this CyRLA-572 
with previously reported NIR active Raman 
reporters Cy7LA and Cy7.5LA under a single 
excitation wavelength (e.g. 785 nm diode 
lasers). Figure 2 clearly indicates that this 
new CyRLA-572 Raman reporter is good 
multiplex partner with Cy7.5LA and Cy7LA 
(SI, Figure S2). To test the biocompatibility 
of these Au-conjugates, we performed cell 
cytotoxicity by using CellTiter-Blue® Cell 
Viability Assay. The results showed that the 
cells were almost >94% viable with respect 
to either free AuNPs or Tris buffer in cell cul-
ture media (Figure 3).

Preparation of multiplex SERS nanotags

After developing biocompatible SERS 
Au-conjugates, these were applied to devel-
op three multiplex targeting nanotags by 
tagging with three specific antibodies. 
Hence, three different targeting antibodies 
anti-CD34, anti-CD184 and anti-Notch1 
which specifically recognize their respective 
receptors on the cell surface of mesoderm, 
endoderm and ectoderm [15-21], were con-
jugated to three multiplexed SERS based 
AuNPs which were individually exposed by 
multiplexed Raman reporters such as 
Cy7LA, Cy7.5LA and CyRLA-572 and coated 
with mixed PEG. As a result, Cy7LA@
AuNPs@PEG-anti-CD184, Cy7.5LA@AuNPs- 
@PEG-anti-Notch1 and CyRLA-572@AuNPs- 
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In vitro application of SERS nanotags

Hereafter, we focused for the application of 
these multiplex SERS nanotags for the detec-
tion of differentiated mESC cells. Three individ-
ual experiments were performed after incubat-
ing the targeted nanotags (Cy7LA@AuNPs@
PEG-anti-CD-184, Cy7.5LA@AuNPs@PEG-anti-
Notch1 and CyRLA-572@AuNPs@PEG-anti-
CD34) to the glass slide chamber having differ-
entiated mESC cells. The mapping experiment 
was performed in stream line CCD camera after 
putting the cover slide on the mounted glass 
slide chamber. In Figure 4, cell SERS mapping 
shows that the cell surface receptors of differ-
entiated mESC are distinctly recognized to their 
corresponding nanotags. Contrary, similar cell 
SERS experiments which were performed with 
unlabeled nanotags (Au-conjugates coated 
with PEG) and nanotags with control antibody 
(anti-HER2) in differentiated mESC cells did not 
show any significant signal (Figures S9, S10).

In vivo application of multiplex SERS nanotags

After successful demonstration in cells, we 
moved forward to identify a single germ layer in 

differentiated mESC cells which formed a mon-
ster tumor named as teratoma in vivo. Firstly, 
we injected an endoderm marker among three 
germ layers, Cy7LA@AuNPs@PEG-anti-CD184 
nanotags (100 µL, 400 pM) through tail vain of 
a nude mice bearing 4 mm teratoma. After 4 h 
post injection of nanotags, animal was anaes-
thetized and the SERS spectra were recorded 
in the teratoma region through the skin using 
an NIR laser beam in the range from 400 cm-1 
to 2000 cm-1. Interestingly, a very strong SERS 
signals were perfectly obtained (Figure 5) from 
one of the germ layer of teratoma. Secondly, we 
injected unlabeled nanotags (AuNPs@Cy7LA@
PEG) to validate that there was no nonspecific 
binding to the teratoma. Interestingly, there 
was no SERS signal from the teratoma but a 
very clear SERS spectrum of Cy7LA was 
observed from the liver after 4 h of i.v. injection 
(Figure S11).

In order to detect simultaneously three germ 
layers in teratoma, we applied multiplex target-
ed three nanotags. We injected a mixture of 
three nanotags (total final volume 100 µL, 130 
pM of each nanotag) which were conjugated 
with three different targeting antibodies corre-

Figure 5. In vivo SERS spectra from teratoma (yellow circle) and non-teratoma (upper dorsal; black circle) regions 
upon injection of Cy7LA@AuNPs@PEG-anti-CD184 nanotags. The spectra were scanned at an interval of 2 μm (785 
nm excitation wavelength) and the intensities were normalized after baseline corrections; acquisition time: 30 s.
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sponding to three different germ layers. After 4 
h of injection, the SERS spectra were recorded 
in the range from 400 cm-1 to 800 cm-1. Three 
multiplexed peaks at 503 cm-1, 523 cm-1 and 
586 cm-1 from three different nanotags were 
noticeably found from the teratoma region 
(Figure 6). Similarly, three multiplexed peaks 
were found from the liver area (Figure S12). A 
mapping experiment was performed to get 
images from teratoma area also (Figure S13).

Discussion

In general, tricarbocyanine dyes are very good 
NIR active Raman reporters [22-24]. To date, 
our research group has developed combinato-
rial approach to generate a large set of Raman 
reporters and high throughput screening strat-
egy to identify [25]. Encouraged by this strategy 
and using standard solid phase active ester 
method the most sensitive Raman reporter, we 
synthesized a new set of NIR active Raman 
reporters (CyRLA) by derivatizing CyR library 
[26] which was reported to be excellent photo-
stable at NIR regions. Interestingly, structurally 
diverse 54 Raman reporters showed almost 
similar fingerprint SERS spectra (See support-
ing information (SI), Figure S1) in the range of 
400 cm-1 to 2000 cm-1. However, the signal 
intensity was varied depending on the struc-
tural variation that helps to identify the most 
sensitive five NIR reporters. The exact reason 
behind the intensity variation of the SERS sig-
nals among different Reporters is obscure to 
us, however, we assume that the orientation of 
very few molecules and their corresponding 
dipole moments may properly aligned to the 

incident laser light resulting to give a maximum 
intensity [27, 31]. To develop good SERS nano-
tags, stability of the SERS signal also consid-
ered a key factor along with the signal intensity. 
Therefore, a long term stability of SERS signal 
was analyzed in representative nanotags; 
CyRLA-572@AuNPs@PEG, CyRLA-442@AuNPs- 
@PEG and CyRLA-364@AuNPs@PEG. Notably, 
there is no significant aggregation among all 
these nanotags and they exhibited stable  
SERS intensities over time. However, the stabil-
ity of CyRLA-572 clearly suggested that it was 
the most suitable NIR Raman reporter for the 
development of novel multiplexed SERS 
nanotags.

To evaluate the multiplexing ability among three 
Raman reporters, CyRLA-572, Cy7LA and 
Cy7.5LA were immobilized on the citrate stabi-
lized 60 nm gold colloids which were reported 
to be more effective among the different sizes 
of nanospheres [32-34] to obtain highly sensi-
tive SERS signals. Three characteristic multi-
plexing peaks at 503 cm-1, 523 cm-1 and 586 
cm-1 were observed from Cy7LA, CyRLA-572 
and Cy7.5LA respectively. The cell viability was 
evaluated in mESC cells after 3 h incubation of 
either dye or pegylated AuNPs. Interestingly, we 
found the pegylated AuNPs and even the dye 
alone showed almost no ototoxicity in the cells.

Cell SERS mapping experiments clearly indi-
cate that only targeted antibody having SERS 
nanotags recognized cell surface receptors 
whereas unlabeled nanotags or control anti-
body conjugated nanotags did not recognize 
the cell surface receptors in mESC cells. 

Figure 6. In vivo SERS spectra from teratoma (yellow circle) regions upon injection of CyRLA-572@AuNPs@PEG-
anti-CD34, Cy7LA@AuNPs@PEG-anti-CD184 and Cy7.5LA@AuNPs@PEG-anti-Notch1 nanotags. The spectra were 
scanned at an interval of 2 μm (785 nm excitation wavelength) and the intensities were normalized after baseline 
corrections. acquisition time: 40 s.



Multiplex SERS nanotags for teratoma detection

122	 Am J Nucl Med Mol Imaging 2014;4(2):114-124

Therefore, we conclude from the above results 
that each nanotags was perfectly conjugated 
with their corresponding antibodies and these 
nanotags maintained their activity and conse-
quently showed specific recognizing ability to 
the corresponding targeting receptors.

It is a great challenge to deliver the imaging 
probes to the targeting area in in vivo due to the 
nonspecific interaction of blood proteins and 
loss of probes via the reticuloendothelial sys-
tem (RES) [35, 36]. However, we have success-
fully demonstrated that single targeted nano-
tags were effectively delivered to the teratoma 
region due to target specific recognition of 
nanotags. However, a weak SERS spectrum 
was observed from liver site because gold 
nanoparticles were accumulated by the Kupffer 
cells in the liver as foreign materials. However, 
there was no signal from other anatomical posi-
tion. Furthermore, unlabeled nanotags were 
found in the liver area but did not see any signal 
from the teratoma area. These results clearly 
suggest that these nanotags were survived in 
the animal body and were delivered properly to 
the targeting area. In addition, three nanotags 
with targeting antibodies were successfully 
delivered and three multiplexing peaks (503, 
523 and 586 cm-1) from the teratoma area 
referred to their corresponding nanotags. 
These results indicate that individual nanotags 
were delivered to the targeting area and specifi-
cally recognized their corresponding receptors. 
Therefore, we confirmed that this monster like 
tumor is teratoma which was formed from the 
differentiated mESC cells.

In summary, we report a new set of NIR active 
Raman reporters (CyRLA) and screened them 
to identify a most senstive Raman reporter, 
CyRLA-572 which was found to be an excelent 
NIR multiplex partner with previously reported 
two reporters (Cy7LA and Cy7.5LA). These three 
reporters were adsorbed to AuNPs; encapsulat-
ing biocompatible PEG; conjugating three tar-
geting antibodies to prepare multiplex targeted 
SERS nanotags. These nanotags were fully 
characterized and applied for the detection of 
differentiated mESC cells in vitro. A successful 
demonstration of in vivo teratoma detection by 
a single biocompatible NIR SERS nanotags 
(Cy7LA@AuNPs@PEG-anti-CD184) was clearly 
indicated the nanotags were survived in the 
animal body and targeting the specific location. 
Next, the detection of three different germ lay-

ers of differentiated mESc in teratoma xeno-
graft model in in vivo was successfully demon-
strated by applying a multiplexed SERS 
nanotags such as CyRLA-572@AuNPs@PEG-
anti-CD34, Cy7LA@AuNPs@PEG-anti-CD184 
and Cy7.5LA@AuNPs@PEG-anti-Notch1. Earlier 
detection of teratoma by biocompatible SERS 
nanotags may help for the development of 
novel diagnostic tools for monitoring the sever-
al disease models.
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Supporting information

Scheme S1. Synthesis of CyRLA library from CyR compounds.

Reagents and conditions: (a) DCM/ACN (7:1), NaHCO3, r.t., 6 h.
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Chart S1. CyRLA compound structures.
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Table S1. Characterization by HPLC-MS and photophysical property of CyRLA library
Compound Code M+ (calc.) M+ (exp.)a Purity (%)b λabs/nm λem/nm

CyRLA-677 1155.7 1155.6 90 803 820
CyRLA-599 1197.7 1197.6 94 803 820
CyRLA-396 1121.7 1121.6 82 803 821
CyRLA-221 1141.7 1141.6 84 805 820
CyRLA-358 1137.7 1137.6 93 804 822
CyRLA-574 1087.7 1087.6 90 802 820
CyRLA-262 1167.7 1167.6 86 803 820
CyRLA-565 1175.6 1175.5 93 801 819
CyRLA-330 1175.7 1175.5 92 804 820
CyRLA-329 1185.6 1185.7 89 802 823
CyRLA-335 1135.7 1135.6 93 801 820
CyRLA-388 1137.7 1137.6 92 802 819
CyRLA-399 1143.7 1143.6 92 803 820
CyRLA-479 1139.7 1139.6 93 804 823
CyRLA-548 1197.7 1197.6 82 803 820
CyRLA-222
CyRLA-447

1059.7
1175.7

1059.6
1175.6

90
81

802
803

821
822

CyRLA-360 1129.7 1129.6 91 804 823
CyRLA-319 1167.7 1167.6 89 801 820
CyRLA-240 1183.7 1183.6 92 802 820
CyRLA-193 1187.8 1187.7 93 803 819
CyRLA-384 1129.8 1129.7 83 802 820
CyRLA-275 1149.7 1149.6 84 804 820
CyRLA-92 1101.7 1101.7 89 801 820
CyRLA-111 1122.7 1122.6 72 803 821
CyRLA-165 1089.7 1089.6 89 802 820
CyRLA-167 1103.7 1103.6 92 803 822
CyRLA-405 1139.7 1139.6 93 801 820
CyRLA-341 1185.6 1185.5 92 803 820
CyRLA-414 1156.8 1156.7 93 801 819
CyRLA-477 1139.7 1139.6 92 803 820
CyRLA-554 1143.8 1143.7 93 802 823
CyRLA-572 1199.6 1199.5 92 805 820
CyRLA-100 1211.8 1211.7 91 803 819
CyRLA-180 1085.7 1085.6 92 804 820
CyRLA-211 1121.7 1121.6 93 803 823
CyRLA-274 1117.7 1117.6 92 802 820
CyRLA-359 1166.7 1166.6 90 803 821
CyRLA-403 1141.7 1041.6 91 802 822
CyRLA-442 1087.7 11087.7 92 803 823
CyRLA-602 1101.7 1101. 6 85 804 820
CyRLA-32 1121.7 1121.6 89 802 820
CyRLA-177 1075.7 1075.6 81 803 821
CyRLA-361 1152.7 1152.6 82 802 820
CyRLA-375 1125.7 1125.6 75 804 822
CyRLA-412 1143.7 1143.6 85 803 820
CyRLA-429 1113.7 1113.6 90 803 820
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CyRLA-135 1175.6 1175.5 92 801 819
CyRLA-201 1149.7 1149.6 92 804 820
CyRLA-374
CyRLA-364

1107.7
1141.7

1107.6
1141.6

91
92

805
802

823
820

CyRLA-185 1087.7 1087.6 92 801 819
CyRLA-164 1099.7 1099.6 89 802 820
CyRLA-395 1151.7 1151.6 85 803 823
aESI-MS m/z corresponding to [M+] values. bPurities were determined by integration of the UV absorbance signal at 780 nm. 
54-member CyRLA compounds were characterized by HPLC-MS analysis. The purities of the whole library were determined by 
integration of the UV absorbance signal at 780 nm. The spectra of 10 μM in DMSO solution was recorded in SpectraMax M2 
plate reader.

Characterization data of representative CyRLA compounds

CyRLA-442 (7 mg, 20%)

1H-NMR (500 MHz, CDCl3): δ 0.87-1.60 (m, 18 H), 1.65 (s, 6 H), 1.66 (s, 6 H), 1.7-1.92 (m, 14 H), 2.14-
2.72 (m, 12 H), 3.03-3.28 (m, 11 H), 3.48-3.72 (m, 13 H), 4.0-4.1 (m, 6 H), 6.12 (d, 1 H, J=13.5 Hz), 6.24 
(d, 1 H, J=13.5 Hz), 7.04-7.44 (m, 8 H), 7.52 (d, 1H, J=13 Hz), 7.55 (d, 1H, J=13 Hz).

ESI-MS m/z (M+), calc’d: 1087.7, found 1087.4.

CyRLA-572 (9 mg, 17%)
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1H-NMR (500 MHz, CDCl3): δ 1.06-1.62 (m, 18 H), 1.66 (s, 6 H), 1.68 (s, 6 H), 1.69-2.06 (m, 9 H), 2.18-
2.78 (m, 10 H), 3.04 -3.31 (m, 11 H), 3.44-3.73 (m, 13 H), 3.93-4.06 (m, 6 H), 6.14 (d, 1 H, J=14.5 Hz), 
6.17 (d, 1 H, J=14.5 Hz), 6.99-7.43 (m, 12 H), 7.53 (d, 1 H, J=14.5 Hz), 7.56 (d, 1 H, J=14.5 Hz). ESI-MS 
m/z (M+), calc’d: 1199.6, found 1201.1 (due to bromine isotope).

CyRLA-364 (7.5 mg, 15%)

1H-NMR (500 MHz, CDCl3): δ 1.06-1.62 (m, 18 H), 1.67 (s, 6 H), 1.68 (s, 6 H), 1.70-1.92 (m, 9 H), 1.99-
2.46 (m, 10 H), 2.52-2.62 (m, 6 H), 2.72 (m, 2 H), 3.0-3.72 (m, 15 H), 4.0-4.12 (m, 6 H), 4.53 (s, 2 H), 
6.10 (d, 1 H, J=14.5 Hz), 6.16 (d, 1 H, J=14.5 Hz), 7.07-7.49 (m, 12 H), 7.52 (d, 1 H, J=15 Hz), 7.55 (d, 1 
H, J=15 Hz). ESI-MS m/z (M+), calc’d: 1141.7, found 1141.4.

CyRLA-335 (8.2 mg, 18%)

1H-NMR (500 MHz, CDCl3): δ 1.09-1.57 (m, 18 H), 1.61 (s, 6 H), 1.63 (s, 6 H), 1.71-2.03 (m, 11 H), 2.16-
2.80 (m, 10 H), 3.05 -3.33 (m, 11 H), 3.54-3.76 (m, 13 H), 3.96-4.17 (m, 6 H), 6.14 (d, 1 H, J=13.5 Hz), 
6.17 (d, 1 H, J=13.5 Hz), 7.09-7.45 (m, 13 H), 7.56 (d, 1 H, J=13.5 Hz), 7.59 (d, 1 H, J=13.5 Hz). ESI-MS 
m/z (M+), calc’d: 1135.7, found 1135.6.

CyRLA-240 (6 mg, 12%)
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1H-NMR (500 MHz, CDCl3): δ 1.04-1.51 (m, 16 H), 1.62 (s, 6 H), 1.64 (s, 6 H), 1.69-1.90 (m, 8 H), 1.99-
2.43 (m, 10 H), 2.50-2.61 (m, 6 H), 2.76 (m, 2 H), 3.05-3.74 (m, 15 H), 3.97-4.13 (m, 6 H), 4.64 (s, 2 H), 
6.10 (d, 1 H, J=14 Hz), 6.16 (d, 1 H, J=14 Hz), 7.05-7.53 (m, 17 H), 7.54 (d, 1 H, J=13.5 Hz), 7.57 (d, 1 H, 
J=13.5 Hz). ESI-MS m/z (M+), calc’d: 1183.7, found 1183.6.

SERS spectra of different Raman reporters

Figure S1. Normalized SERS spectra of CyRLA-329, CyRLA-335, CyRLA-240 and CyRLA-572 after chemisorption on 
60 nm gold nanoparticle. Spectra were measured in a Raman microscope (785 nm laser excitation, 1.2 mW laser 
power, and acquisition time: 10 s.



Multiplex SERS nanotags for teratoma detection

7	

SERS measurement of three different Raman reporters

Figure S2. Normalized SERS spectra of (A) Cy7.5LA, (B) Cy7LA, (C) CyRLA-572 and (D) mixture of three (Cy7.5LA, 
Cy7LA, CyRLA-572) after chemisorption on 60 nm gold nanoparticle. Spectra were measured in a Raman micro-
scope (785 nm laser excitation, 1.2 mW laser power, and acquisition time: 10 s. SERS spectra was measured in low 
concentration when all three AuNPs-Reporters were mixed.

UV-Vis spectroscopy

Figure S3. A: UV-Vis-NIR electronic absorbance of Raman reporters (Cy7LA, Cy7.5LA and CyRLA-572; 20 μM in de-
ionized water. B: UV-Vis-NIR surface Plasmon resonance (SPR) of citrate stabilized gold nanoparticles with NIR or 
without Raman reporters.
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Mixed PEG coating of SERS nanoparticles and stability study

Figure S4. Time course SERS measurement of CyRLA-572@AuNPs@PEG in deionized water. SERS intensities of the 
highest Raman peaks (i.e. 523 cm-1) are plotted as means ± standard deviation of 5 independent measurements 
taken from the same sample at different time points.

Figure S5. Time course SERS measurement of CyRLA-240@AuNPs@PEG in deionized water. SERS intensities of the 
highest Raman peaks (i.e. 523 cm-1) are plotted as means ± standard deviation of 3 independent measurements 
taken from the same sample at different time points.
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Figure S6. Time course SERS measurement of CyRLA-364@AuNPs@PEG in deionized water. SERS intensities of the 
highest Raman peaks (i.e. 523 cm-1) are plotted as means ± standard deviation of 3 independent measurements 
taken from the same sample at different time points.

Transmission electron microscopy

Figure S7. Transmission electron microscopy (TEM) images of: A: PEG-coated Cy7.5LA@AuNPs@PEG; B: Cy7LA; C: 
CyRLA-572 nanotag; Scale bar: 50 nm for Cy7 and Cy7.5.



Multiplex SERS nanotags for teratoma detection

10	

Antibody conjugation to SERS nanotags

Figure S8. Surface plasmon resonance spectra of Cy7LA@AuNPs@PEG nanotags before and after conjugation of 
antibody.

Figure S9. Bright field, SERS mapping images, merged images and complementary SERS spectra of differenti-
ated mouse embryonic stem cells (mESC) treated with CyRLA-572@AuNPs@PEG. The mapping experiments were 
scanned at multiplex peaks of corresponding nanotags (523 cm-1) at an interval of 2 μm (785 nm excitation) and the 
intensities were normalized between the lowest (0) and the highest color (1) values. Scale bar: 20 μm.
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Figure S10. Bright field, SERS mapping images, merged images and complementary SERS spectra of differentiated 
mouse embryonic stem cells (mESC) treated with AuNPs@CyRLA@PEG-anti-HER2. The mapping experiments were 
scanned at multiplex peaks of corresponding nanotags (523 cm-1) at an interval of 2 μm (785 nm excitation) and the 
intensities were normalized between the lowest (0) and the highest color (1) values. Scale bar: 20 μm.

Figure S11. In vivo spectra from liver site after injection of pegylated AUNPs i.e Cy7LA@AuNPs@PEG. The spectra 
were scanned at an interval of 2 μm (785 nm excitation wavelength) and the intensities were normalized after 
baseline corrections; acquisition time: 30 s.
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Figure S12. In vivo spectra from liver site after injection of mixture of three nanotags i.e Cy7LA@AuNPs@PEG-anti-
CD184, Cy7.5LA@AuNPs@PEG-anti-Notch1 and CyRLA-572@AuNPs@PEG-anti-CD34 nanotgas. The spectra were 
scanned at an interval of 2 μm (785 nm excitation wavelength) and the intensities were normalized after baseline 
corrections; acquisition time: 30 s.

Figure S13. In vivo imaging of teratoma in animal model model. Three different multplexed peaks i.e 503 cm-1, 523 
cm-1, and 584 cm-1 and one common peak 554 cm-1 for Cy7LA and CyRLA-572 were applied to scan the teratoma 
location for getting the images.


