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For cancer diagnosis, technologies must be capable of molecular recognition, and they must possess
a built-in pattern recognition component for efficient imaging and discrimination of targeted cancer
cells. Surface enhanced Raman scattering (SERS) tags based on plasmonically active nanoparticles hold
promise for accurate and efficient cancer cell recognition, owing to ultra-narrow peak and sensitive
optical properties. However, a complex fingerprint spectrum increases data analysis difficulty, making it
necessary to develop multicolor SERS tags with a simple fingerprint spectrum. To address this, we herein
fabricated SERS-encoded nanoparticles (NPs) with stable and simple fingerprint spectrum through
synthesis of isotopic cellular Raman-silent graphene—isolated-Au-nanocrystals (GIANs) and conjugation
with phospholipid-polyethylene glycol-linked aptamers to target proteins overexpressed on the cancer
cell surface. GIANs, which possess the properties of graphitic nanomaterials, such as super-stable optical
properties and high Raman cross-section, showed enhanced SERS signals. The 2D-band Raman shift of
GIAN, which located in the cellular Raman-silent region, was easily regulated through fabrication of
isotopic GIANs without changing their molecular structure. Such GIAN tags demonstrated multiplexed

Raman imaging capability, both in vivo and in vitro, with low background interference. Moreover, cell
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conjugated isotopic GIANs were fabricated and feasibly applied to built-in coding for rapid imaging and

mucin and epithelial cell adhesion molecule)-specific, aptamer-
DOI: 10.1039/c7sc05442d pattern recognition of targeted cancer cells. Such isotopic GIAN-aptamer-encoders show high potential

rsc.li/chemical-science for efficient cancer cell identification and diagnosis.

Introduction

Multiplexed, sensitive and specific molecular detection is highly
desirable for environmental analysis, drug screening, gene and
protein profiling, as well as clinical diagnostics (e.g., cancer)."™*
Simultaneous detection of multiple tumor-related proteins on
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the cell surface would prove invaluable for accurate cancer
diagnostics and help in understanding the roles of these
proteins in cancer development. To perform such multiplexed
detection, one strategy would utilize bioconjugated “encoders”
to identify the attached ligand molecules.>® In fact, optical
encoding methods, such as fluorescence, SERS, reflection, and
luminescence lifetime, are attracting more attention for their
rapid application.®® However, reflection- and luminescence
lifetime-encoding strategies involve relatively complicated
encoding processes. Organic dye-based encoders suffer from
several drawbacks, as well."” For instance, multiple excitation
lasers are required when dyes with different excitation wave-
lengths are used, which is costly.”” Moreover, interference
between fluorescence encoders is inevitable, making it neces-
sary to compensate by using complicated and tedious color
arrangements. Owing to narrow and tunable emissions excited
at the same wavelength, quantum dots (QDs) could overcome
the limitations of organic dyes.** However, the biological
application of QDs was limited by their complex structure,
surface chemistry and cytotoxicity.'®' When developing optical-
encoded NPs for bioimaging, the cytotoxicity, size, and long-
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term colloidal stability of NPS, as well as the stability of optical
properties, must be considered.”® Recently, SERS technolo-
gies,”?® which possess the merits of QDs, have developed
rather quickly as a result of the high sensitivity, anti-
photobleaching and ultra-narrow Raman peak.” The peak
width of Raman bands is approximately 1-2 nm, about 100-10
times narrower than that of fluorescence emission from organic
dyes or QDs.***' Encoded SERS NPs seem promising for
sensitive multiplexed detection.>*>* In cancer diagnostics,
multiplexed molecular recognition is required, but still insuf-
ficient by the need to discriminate among cancer cell types.
Thus, a built-in pattern recognition component for efficient
imaging and typing of targeted cancer cells is also required.***®
However, conventional SERS tags showed low photostability
under long irradiation time and complex fingerprint spectra,
making data analysis increasingly difficult. Thus, novel multi-
plexed SERS tags integrated high stability and simple finger-
print spectral are desired. Herein, we report the fabrication of
biocompatible multicolor SERS tags based on regulating Raman
shift of intact graphene coated on AuNPs by the chemical vapor
deposition (CVD) method, defined as graphene-isolated-Au-
nanocrystals, or GIANs. Intact graphene was deposited on
AuNPs, providing a protective shell. Owing to this graphitic
shell, GIAN tags were ultra-stable and resistant to oxidation with
a full range of pH and capacity for powerful laser irradiation.>~*°
Importantly, the graphitic shell of GIANs showed unique and
simple Raman signal, a disordered D-band (1355 cm™%),
a graphitic carbon G-band (1590 em ') and a 2D-band
(2706 cm™") at about twice the frequency of the D-band and
utilized for sensitive SERS imaging.***® The high intensity
(relative to the G peak) Raman D peak reflects the high strain of
the graphitic shells as a result of the deformation of the flat-
tened graphene encapsulating the Au nanocrystals. It is notable
that the graphitic shell provided super-stable optical properties
and strong 2D-band located in the cellular Raman-silent region
free from interference of biomolecules (1800-2800 cm %),
making it possible to realize precision bioimaging.***' More-
over, multiplexed GIAN SERS tags with Raman signals located
in the Raman-silent region could be designed and synthesized,
and the 2D-band of GIANs could be regulated through the
introduction of isotopic carbon compositions.*” Varying the
fraction of isotopic compositions of C12 and C13, five GIAN
multiplexed tags were synthesized. Compared to traditional
SERS tags, these unique isotopic GIAN multicolored tags were
conferred with low interference from background, super-stable
SERS signals, well-regulated Raman shift and facile bio-
conjugation.’***»** Instead of regulating Raman shift through
the design of spectroscopic derivatives,** all atoms of a molecule
were replaced with stable isotopes of the same element such
that the molecule's chemical structure and intensity of vibra-
tional bands remained nearly unchanged. However, the vibra-
tional frequencies of these bands did have distinct changes.*
Multiplexed in vivo and in vitro Raman imaging with low
background interference was demonstrated with such isotopic
GIAN SERS tags.

To use a GIAN-encoder for cancer cell identification, a cell-
specific ligand is necessary. Aptamers are oligonucleic acid
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molecules that have specificity and affinity to a wide range of
targets that vary from small molecules to cancer cells.*** In
contrast to antibodies, aptamers are cost-effective chemical
antibodies that can be chemically modified and synthesized
using an automatic DNA synthesizer, ensuring reproducibility
from batch to batch. Many aptamers have been selected by
cell-SELEX methods.*®**° Here, three specific phospholipid-
polyethylene glycol-linked aptamers, including AS1411 target-
ing nucleolin,* S1.6 binding mucin protein (MUC1) and SYL3C
targeting epithelial cell adhesion molecule (EpCAM), were
synthesized for conjugation with the isotopic GIAN-encoders
through  hydrophobic-hydrophobic interaction, respec-
tively.*>>* The aptamer-conjugated isotopic GIAN-encoders
incorporated a built-in pattern recognition component for
simultaneous, rapid and targeted cancer cell imaging. Accord-
ing to the different SERS barcodes, two cancer cell lines were
easily distinguished. Such unique GIAN-encoders showed high
promise as a diagnostic tool for efficient cancer cell targeting
and discrimination.

Results and discussion
Synthesis and characterization of GIANs

GIANs were made by the CVD method.”® High-resolution
transmission electron microscopy (HR-TEM) was utilized to
characterize the GIAN nanocrystal (Fig. 1a). A few layer gra-
phene, less than 5 layers was deposited intact on AuNPs as
a protective shell. The space between shell layers was ~0.34 nm,
which is consistent with the interlayer distance of graphite. The
average size of GIANs was around 45 nm (Fig. S1at). As shown in
Fig. 1b, GIANs exhibited very simple and unique Raman
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Fig. 1 Advanced characterization of GIANs. (a) HR-TEM image of
GIANSs. (b) SERS spectrum of aqueous GIANs suspension. Inset in (b)
presented the image of aqueous GIAN suspension. (c) SERS spectra of
GIANs stored in water for various time. (d) SERS intensity stability of
2D-band of GIANs after incubating with H,O, 1 M H,O,, 1 M HCL, 1 M
NaOH, Dulbecco’'s phosphate buffered solution (dPBS), cell culture
solution, cell lysis solution, and 5 mM NaClO for 3 hours.
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spectrum, D-band (1355 ecm™'), G-band (1590 cm™ ') and 2D-
band (2706 cm™') under the 532 nm laser, representing the
typical Raman spectrum of graphitic nanomaterial. High
intensity of D-band was observed which might be due to the
high strain of the graphitic shells, as well as the inducing of the
detects during the GIAN synthesis. The graphitic shell provided
a strong 2D-band located in the cellular Raman-silent region
free from interference of biomolecules (1800-2800 cm™%).
633 nm laser was also used to excite GIANs. However, the SERS
intensity of 2D band was decreased sharply. Thus 532 nm laser
was selected for all the SERS analysis consequently. To achieve
better solubility, a polyoxyethylenestearyl ether (C;5-PEG)
molecule was introduced to functionalize GIANs through
hydrophobic-hydrophobic interaction. DLS (Fig. S21) were used
to characterize the functionalized process. Consequently,
GIANs were adequately dispersed in water, and the GIAN solu-
tion demonstrated a transparent plum, as shown in Fig. 1b
(inserted image).

Such GIAN nanoparticle allows facile surface functionaliza-
tion and can be stored as either powder or solution. GIANs have
two absorbance peaks in the UV-Vis curve (Fig. Sibt). The
plasmonic resonance absorbance of GIANs located in 560 nm
came from the gold nanocrystal core, while the peak at about
265 nm came from the graphitic shell of GIANs. The relation-
ship between full width at half-maximum (FWHM) of Raman
2D-band intensity and UV-Vis absorbance ratios of peak 265 nm
and 560 nm (A,¢5/A560) Was also investigated. By increasing CVD
growth time, the ratio of A,¢5/As60 increased, respectively. GIANs
with narrowest Raman FWHM and strongest SERS signal were
realized within 8 minutes (Fig. Slc and df). As illustrated in
Fig. 1c, aqueous GIANs suspension presented super-stable
optical properties. The SERS spectra of GIANs aqueous solu-
tion showed no obvious changes, even after seven months of
storage. Moreover, the SERS 2D-band intensity of GIANs
remained super-stable, even when incubated with such harsh
and complex solutions as H,0,, HCl, NaOH, NaClO or cell lysis
solution (Fig. 1d). As shown in the images and UV-Vis spectra,
GIANs presented superior stability, even after eight hours of
incubation in harsh and complex solution (Fig. S3 and S4%). The
detection sensitivity of GIANs solution was high (Fig. S51), and
the electric field distribution of 45 nm GIAN was simulated by
the finite-difference time-domain (FDTD) simulation under
different laser excitation (Fig. S67).

Multiplexed isotopic GIANs SERS tags

Through rational design of the CVD synthesis gas source,
multiplexed GIAN tags were fabricated. The synthetic strategy
for five unique GIAN tags was schematically illustrated in
Fig. 2a. The details on the preparation of GIANs were given in
ESI.} By introducing the isotopic carbon source, multiplexed
isotopic GIAN tags were achieved by varying the compositions of
C13 and C12 methane during the CVD process.****** GIANs
grown with gas phase C13 composition ratios at 100%, 75%,
50%, 25%, and 0% exhibited 2D-band peaks at 2600 cm™*,
2625 cm™ %, 2650 cm ™Y, 2680 cm ™!, and 2706 cm ™Y, which were

defined as G100, G075, G050, G025, and G000, respectively

2844 | Chem. Sci,, 2018, 9, 2842-2849

View Article Online

Edge Article
a)
C13 and C12
composite gas flow
Production
b)
Increased ratio of C13 ;
= G000 A 5.“.,
= G025
3 G050 =
—=| mcors 7]
2 G100 S
g =
g = i
£ 1200 1500 1800 2100 2400 2700
Raman shift cm™1)
2450 2500 2550 2600 2650 2700 2750 N
d) Raman shift cm1) e)

Intensity (a.u.)

1200 1500 1800 2100 2400 2700

Raman shift cm-1,

1200 1500 1800 2100 2400 2700

Raman shift em™1,

3
S
>
=
]
<
]
2
£

1200 1500 1800 2100 2400 2700
Raman shift (cm'1;

1200 1500 1800 2100 2400 2700

Raman shift cm™1)

Fig. 2 Raman characterization of multiplexed isotopic GIANs. (a)
Schematic illustration of synthesis of multiplexed GIAN tags, defined as
G100 (100% C13), GO75 (75% C13), GO50 (50% C13), G025 (25% C13),
and G000 (0% C13). (b) SERS spectra of multiplexed GIANs suspension.
Under the leading of dark-field imaging, SERS spectra on few (c) GOOO,
(d) G025, (e) GO50, (f) GO75 and (g) G100 particles boxed in respect
dark-field image; scale bar, 5 um.

(Fig. 2b). Under the leading of dark-field microscopy imaging of
few isotopic particles, the Raman shift of each few isotopic
particles was obtained that consistent with bulk suspension.
Optical scattering experiments on few isotopic GIANs demon-
strated high sensitivity and precise Raman shift (Fig. 2c-g).
Additionally, the whole synthesis procedure was simple and
fast. The 2D-band peaks between GIANs were within the range
of 2600 to 2706 cm ™, representing a shift of about 106 cm ™. Of
note, we observed that the Raman shifts of 2D-band were 1.9
and 1.8 times greater than those of D- and G-band, respectively
(Fig. S77). These results indicated that the multiplexed tags with
2D-band showed spectrum resolution superior to that of mul-
tiplexed tags with D-band or G-band. The phenomenon of larger
down shift of 2D band was discussed in ESL¥

SERS imaging with cellular Raman-silent GIANS in vitro and in
vivo

The D-band and G-band of graphitic nanomaterials proved to be
superior SERS tags for cancer cell imaging.> However, similar to
some organic SERS reporters, both D-band and G-band of
GIANs could overlap with the Raman peaks derived from
endogenous biomolecules in the cells. Overlapping signals are
difficult to fully resolve, thus influencing detection accuracy.

This journal is © The Royal Society of Chemistry 2018
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Research on the design and synthesis of multiplexed SERS tags
without interference from biomolecules has been rare. Fortu-
nately, the 2D-band of multiplexed isotopic GIAN tags located in
the cellular Raman-silent region (1800-2800 cm ') exhibited
low background interference, thereby improving the accuracy of
SERS imaging.®*** Fig. 3a showed the maps of 81 SERS spectra
of G000s mixed with the biomolecules adenosine triphosphate
(ATP), cytochrome c (Cyt c), tyrosine, and tryptophan, respec-
tively. As illustrated in these SERS maps, compared to pure
G000s, the D- or G-band of G000s mixtures overlapped with the
Raman peak of biomolecules, while the 2D-band region showed
low background interference. The peaks of these biomolecules
were marked in Fig. 3b. These results revealed the accurate
Raman imaging potential of GIAN SERS tags.

We further demonstrated the merit of GIANs as SERS tags in
vivo by using C. elegans as a model. To accomplish this, pseu-
docoel of C. elegans was microinjected with G000s. Spectro-
scopic mapping of C. elegans was then carried out. The G and 2D
peak intensity of GIANS at each pixel was integrated to construct
the SERS image. The pseudocoel of C. elegans boxed in Fig. 3¢
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Fig. 3 The anti-interference ability of GIANs in vitro and in vivo. (a)
Maps of 81 SERS spectra on GIANs mixed with the biomolecules ATP,
cytochrome c, tyrosine, tryptophan and the control, respectively. (b)
SERS spectra of GIANs mixed with biomolecules corresponding to (a).
(c) Bright-field of C. elegans. (d) SERS mapping images of C. elegans
corresponding to boxed area in (c). (i) G-band, 1590 cm™* (plum); (ii)
2D-band, 2706 cm™! (green); (i) overlay. Step size, 11 um, scale
bar, 200 um. (e) SERS spectra marked in SERS mapping images of
C. elegans (d).
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was stained by G-band (1590 cm ™', plumcolor) and 2D-band

(2706 cm™", green color) of G00Os (Fig. 3d). In some cases,
SERS bioimaging with 1590 cm™ " G-band did, inevitably, lead to
background noise. Note that endogenous proteins can produce
vibration at 1200-1650 cm ™', thus producing spectral overlap.
As illustrated in Fig. 3d(i), pixel 1 was illuminated. However,
according to the SERS spectrum of pixel 1 (Fig. 3e), no 2D-band
was presented. The spectrum of pixel 1 showed a false-positive
SERS signal of G-band that gave rise to the background Raman
signal of C. elegans. In contrast, as illustrated in Fig. 3d(ii), pixel
2 was illuminated by GIANSs, and the corresponding spectrum
demonstrated the true signals coming from the 2D-band of
GIANs (Fig. 3e). When the 2D-band was used for bioimaging,
the endogenous species did not generate any interference.
Thus, bioimaging with the 2D-band of GAIN avoided back-
ground interference and provided much more accurate imaging
results.

Multiplexed SERS imaging with isotopic GIANS in vitro and in
vivo

With superior Raman imaging quality, three isotopic GIAN tags
(G100, G050, and G000) were utilized to demonstrate multi-
plexed SERS imaging capability. We investigated the resolution
of Raman analysis by mixing G100 and G000 at different ratios
(Fig. 4a and b). The 2D-band of these two mixed tags could be
distinguished completely, as shown in Fig. 4a. The ratios of
2D-band intensity (Igi00/lgooo) Showed a good linear relation-
ship with the ratios of GIAN concentration (Cgi00/Cgooo)
(Fig. 4b). Fig. 4c showed SERS spectra of G100, G050 and G000
mixtures at different ratios. We fixed the concentrations of G100
and G000 and changed the concentration of G050. As the
concentration of G050 decreased, the 2D-band intensity of G050
also decreased. Since the Raman shifts of 2D-band were larger
than those of the D-band and G-band, the 2D-band showed
higher multiplexed spectrum resolution compared to either D-
or G-band. The enlarged spectra of 2D-bands corresponding to
the boxed area in Fig. 4c were fitted by Gaussian algorithm
(Fig. 4d). Fig. 4e illustrated the mapping of multiplexed SERS
imaging with isotopic GIAN tags in capillary. Multiplexed SERS
mapping of dual-color images was conducted with mixtures of
G100 and G000 (Fig. 4e, fourth row). Signals of two channels
corresponding to G100 (blue) and G000 (green) were obtained.
Furthermore, multiplexed SERS mapping of tri-color images
were conducted with mixtures of G100, G050 and G000 (Fig. 4e,
last row). Signals of three channels corresponding to G100
(blue), G050 (red) and G000 (green) were obtained. All these
results demonstrated multiplexed SERS imaging capability
in vitro.

We further demonstrated the feasibility of isotopic cellular
Raman-silent GIANs-based multiplexed bioimaging in vivo by
again using C. elegans as the model.** The pseudocoel, digestive
and reproductive system of C. elegans were microinjected with
G100, G050 and G000 tags, respectively, followed by observation
through confocal Raman microspectroscopy. No background
interference was observed at the Raman imaging region of
C. elegans, as indicated in Fig. S8.7 The 2D-band SERS signal of

Chem. Sci,, 2018, 9, 2842-2849 | 2845
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Fig. 4 Multiplexed SERS imaging with isotopic GIANs in vitro and in
vivo. (a) SERS spectra of mixed G100 and GOOO, from top to bottom, in
varying ratios (Cgioo : Cgooo) Of 3:1, 2:1, 1:1,1:2, and 1:3. (b)
Linear fitting of (a). (c) SERS spectra of mixed G100, GO50 and G000
and fixed concentration of G100 and GOOO, while decreasing the
concentration of G050, as G100 : GO50 : GOOO of 3:25:2,3:3:2
and 3:3.5:2. (d) Gaussian fitting of enlarged spectra of 2D-bands
corresponding to boxed area in (c), 2D-band fitting of G100 (blue
dotted line), GO50 (red dotted line) and GO0O (green dotted line). (e)
SERS mapping images acquired in 2D-band of G100 (blue,
2600 cm™), G050 (red, 2650 cm™), GOOO (green, 2706 cm™) and
overlay of images. GIAN mixtures were at equal concentrations; scale
bar, 10 um. () (i) Bright-field (BF) of C. elegans. (ii—v) SERS imaging of C.
elegans with 2D-band of (ii) G100 (blue), pseudocoel; (iii) GO50 (red),
digestive system; (iv) GOOO (green), reproductive system; (v) overlay of
G100, G050 and GOOO. Step size, 11 um, scale bar, 200 pm.

G100 (blue) was clearly visible in the pseudocoel of C. elegans,
while the SERS 2D-band signal of G050 (red) was detected in the
digestive system of C. elegans. The reproductive system was
illuminated by the G000 tag (green) (Fig. 4f). The organs of C.
elegans were visualized simultaneously through multiplexed
isotopic GIAN tags. The isotopic GIAN tags presented superior
multiplexed SERS imaging capabilities in this living system
using rather simple instrumentation, a result which shows
promise for more in vivo applications.

Cancer cell pattern recognition with aptamer-functionalized
isotopic GIAN tags

SERS-encoding technologies have been widely used for multi-
plexed biosensing, dramatically improving analytical efficiency
and accuracy. Compared to traditional Raman reporters,
isotopic GIAN tags presented a very simple and stable finger-
print spectrum and avoided the interference between
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SERS-encoders. Meanwhile, GIAN tags were demonstrated to
have low interference from background biomolecules. With
superior multiplexed SERS imaging capabilities in complex
biosystems, isotopic GIANs were utilized for cancer cell recog-
nition. Surface functionalization was first performed to enable
the specificity of the isotopic GIAN-encoders. Aptamers, which
can be chemically modified and synthesized by automatic DNA
synthesizer, are cost-effective chemical antibodies that have
specific affinity to proteins located on the cancer cell
membrane. Modifying isotopic GIANs with different aptamers
could confer them with the ability for multiplexed cancer
cell discrimination. Fig. 5a illustrated the strategy for fabrica-
tion of GIAN-aptamer-encoders. Thiol-labeled aptamer was
cross-linked with phospholipid-polyethyleneglycol-maleimide
(DSPE-PEG3400-Mal) (Fig. 5a(i)). The alkyl DSPE chain helped
anchor the aptamer to the graphitic GIANs surface through
hydrophobic-hydrophobic interaction (Fig. 5a(ii)).*® Mean-
while, the PEGlinker with flexible long chain as the bridge
between the aptamer and NP could greatly enhance the freedom
of aptamer to improve cell recognition.®® The synthesized DSPE-
PEG-aptamers were purified and collected with reversed-phase
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Fig. 5 Targeting strategy for cancer cells based on GIAN-aptamer
complexes. (a) Schematic illustration of aptamer-functionalized GIAN.
(b) DSPE-PEG-AS1411 purified by reverse phase HPLC. (c) Agarose gel
electrophoresis characterized the DSPE-PEG-linked aptamers (DSPE-
PEG-AS1411) separated by HPLC. (d) SERS imaging of A549 cancer
cells incubated with GOOO-lib (top) and GO00-AS1411 (bottom); scale
bar, 10 um. (e) Statistics of 2D-band SERS intensity are shown in (d); the
error bar came from three independent experiments.

c)

G000-lib

G000-AS1411
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high performance liquid chromatography (HPLC). In Fig. 5b,
the phospholipid-polyethylene glycol-linked aptamer AS1411
(DSPE-PEG-AS1411) targeting nucleolin overexpressed on the
cancer cell surface was separated from reaction mixture
through HPLC. The larger polar molecules showed shorter
retention time. DSPE-PEG-AS1411 possessed the smallest polar
molecules and presented longest retention time at ¢,, while the
nonreactive AS1411 and its dimer showed shorter retention
time (t;, t, and t3). Agarose gel electrophoresis was further
utilized to characterize DSPE-PEG-AS1411 separated by HPLC.
As in the gel image (Fig. 5¢), DSPE-PEG-AS1411 (lane 5, corre-
sponding to peak ¢, in Fig. 5b) migrated much slower than pure
AS1411 monomer (lane 1) and nonreactive AS1411 aptamers
(lane 2, lane 3 and lane 4, corresponding to peak ¢, ¢, and ¢; in
Fig. 5b). By changing the base sequence, we obtained the other
two DSPE-PEG-linked aptamers, DSPE-PEG-S1.6 binding MUC1
and DSPE-PEG-SYL3C targeting EpCAM (Fig. S9at). As illus-
trated in the UV-Vis spectra (Fig. S9bt), DSPE-PEG-AS1411
aptamers were successfully conjugated to the GIAN. Through
this strategy, three GIAN-encoders were obtained.

To demonstrate the nonspecific absorption resistance
capability of the aptamer-functionalized GIANs for cancer cell
recognition, control molecule was synthesized by replacing the
AS1411 aptamer with a library sequence (lib) with no targeting
ability. DSPE-PEG-AS1411 and DSPE-PEG-lib were conjugated to
G000 individually and then incubated with a non-small cell lung
cancer cell line, A549, which is known to overexpress nucleolin
on the cell membrane, respectively. The A549 cells were recog-
nized by G000-AS1411. Fig. 5d showed the SERS mapping
images of A549 cells. The cells incubated with G000-AS1411
showed strong SERS signal from the G000 tags, while cells
incubated with GO000-lib had almost no signals. Statistical
analysis of SERS images from three independent experiments
were demonstrated in Fig. 5e. More SERS mapping images of
A549 cells with G000-AS1411 were shown in the Fig. S10,T and
all indicated cancer cell targeted recognition capability of the
G000-AS1411 complexes. The recognition capability of G000-
SYL3C and G000-S1.6 were also demonstrated as shown in
Fig. S11.1 All these results indicated superior targeting and
nonspecific absorption resistance capability of the DSPE-PEG-
aptamer-functionalized GIANs, showing their potential for
more biomedical applications. Imaging technologies must
possess both inherent molecular recognition and built-in
pattern recognition for efficient target cancer cell discrimina-
tion.*® With their superior targeting and nonspecific absorption
resistance capabilities, these unique isotopic GIAN-aptamer
SERS-encoders were next applied for pattern recognition of
two cancer cell lines. As schematically illustrated in Fig. 6a, non-
small cell lung cancer cell line A549 and liver cancer cell line
HepG2 could be efficiently distinguished through pattern
recognition with these isotopic GIAN-encoders. Nucleolin,
MUC1 and EpCAM proteins were overexpressed on the
membrane of the A549 cell line. Meanwhile, only two of these
three proteins, nucleolin and EpCAM, were overexpressed on
the surface of the HepG2 cell line, thus distinguishing it from
the A549 cell line.*”*® Nucleolin, MUC1 and EpCAM proteins
can be targeted by aptamer AS1411, S1.6 and SYL3C,

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Cancer cell pattern recognition with aptamer-functionalized
isotopic GIAN-encoders. (a) Schematic illustration of pattern recog-
nition and discrimination of cancer cell lines with multiplexed GIAN-
encoders. (b) SERS images of cancer cells, scale bar, 10 um. G100,
G050 and GOOO conjugated with DSPE-PEG-linked aptamer AS1411,
S1.6 and SYL3C, respectively. (c) SERS barcodes of HepG2 and A549
cell lines. (d) Statistics of normalized SERS signals shown in (b).

respectively.”* G100, G050 and G000 were individually
conjugated with the DSPE-PEG-linked aptamers AS1411, S1.6
and SYL3C. These three isotopic GIAN SERS-encoders were
incubated with each cancer cell line together in the same cell
dish for 2.5 hours, followed by SERS mapping. Library sequence
severed as the control and control experiments were performed
with cells incubated with G100-lib, G050-lib and G000-lib. As
shown in Fig. S12,1 cells were not stained by these negative
GIANSs. In Fig. 6b, images in the top row were the SERS mapping
images of HepG2 cell line, and SERS mapping images of A549
cell line were in the bottom row. The HepG2 cell line was
decorated with two GIAN-encoders, G100-AS411 and GO000-
SYL3C, while the A549 cell line was decorated with three
encoders, G100-AS1411, GO050-S1.6 and GO000-SYL3C. Two
unique patterns of molecular recognition were obtained, and
the results of molecular recognition were consistent with
conditions of proteins overexpressed on these two cell lines. We
defined the positive SERS signal of cancer cell as “1”, while the
negative signal was defined as “0” and human cancer cell as
“H”. Code values of isotopic GIAN SERS signals were added
together and the value defined as the fifth code. Further-
more,“10” was defined as adherent cells. Finally, all numbers of
each cell line were added together and defined as last code of
each barcode. Thus, the HepG2 cell line had SERS barcode

Chem. Sci,, 2018, 9, 2842-2849 | 2847
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“H1012105”, and the A549 cell line had barcode “H1113107”
(Fig. 6¢). According to the SERS barcode, A549 cells and HepG2
cells could be discriminated efficiently. Fluorescence flow
cytometry was further utilized to confirm aptamer recognition
(Fig. S13t). A549 cells were targeted by three aptamers, while
HepG2 cells were targeted by AS1411 and SYL3C. The binding
patterns of aptamers were consistent with SERS-encoded
images, while the GIAN-encoding required only one laser, less
time and exhibited less background interference. Statistical
values for SERS imaging were shown in Fig. 6d. These unique
GIAN-encoders showed promise for efficient targeted cancer cell
imaging and discrimination.

Conclusions

We fabricated multiplexed SERS tags with simple and low
background fingerprint spectra with isotopic cellular Raman-
silent GIANs. The 2D-band of GIAN was regulated very easily
by CVD of isotopic carbon sources. Five GIAN tags with simple,
but super-stable, optical properties were synthesized. The
Stokes shift of 2D-band between G000 and G100 was 106 cm ™ *,
about 1.9 and 1.8 times greater than the shift of D-band and
G-band, respectively. Dark-field microscopy imaging on few
isotopic GIANs demonstrated high sensitivity and precise
Raman shift. Multiplexed sensitive SERS imaging was demon-
strated without background interference from the biomolecules
in vitro and in vivo. Moreover, isotopic GIANs were functional-
ized with synthesized phospholipid-polyethylene glycol-linked
aptamers and targeted cancer cells. SERS-encoding with
GIANs was used for multiplexed bioimaging, dramatically
improving analytical efficiency and accuracy. G100-AS1411,
G050-51.6 and G000-SYL3C GIAN SERS-encoders were devel-
oped for pattern recognition of HepG2 and A549 cell lines. Two
different SERS barcodes were obtained. The results of molecular
pattern recognition were consistent with conditions of proteins
overexpressed on these two cell lines. We realized efficient
cancer cell discrimination through an isotopic GIAN SERS-
encoding strategy. GIAN-aptamer-encoders showed high
potential for cost-effective cancer cell identification with high
sensitivity and low background interference, promising a novel
tool for more biomedical applications.

Author contributions

Z. C., W. T. and Y. Z. conceived the project, designed the
experiments and wrote the manuscript. Y. Z. conducted all the
experiments. S. H., H. T. and Y. L. assisted with C. elegans
experiments. X. Z. and Y. C. assisted with FDTD simulation and
optical scattering experiments. L. C. and X. H. contributed to
data analysis and cell culture. F. L., Z. L. and L. Z. assisted with
TEM characterization. All authors discussed the results and
commented on the manuscript.

Conflicts of interest

There are no conflicts to declare.

2848 | Chem. Sci,, 2018, 9, 2842-2849

View Article Online

Edge Article

Acknowledgements

This work was financially supported by the National Natural
Science Foundation of China (Grants No. 21522501, 21521063,
31701249 and 61673405), and the Science and Technology
Development Fund of Macao S.A.R (FDCT, Grants 067/2014/A
and 097/2015/A3), and the Key Point Research and Invention
Program of Hunan province (2017DK2011).

Notes and references

1 G. B. Braun, T. Friman, H.-B. Pang, A. Pallaoro, T. H. de
Mendoza, A.-M. A. Willmore, V. R. Kotamraju, A. P. Mann,
Z.-G. She, K. N. Sugahara, N. O. Reich, T. Teesalu and
E. Ruoslahti, Nat. Mater., 2014, 13, 904-911.

2 Q. Qing, Z. Jiang, L. Xu, R. Gao, L. Mai and C. M. Lieber, Nat.
Nanotechnol., 2014, 9, 142-147.

3 A. E. Prigodich, P. S. Randeria, W. E. Briley, N. J. Kim,
W. L. Daniel, D. A. Giljohann and C. A. Mirkin, Anal
Chem., 2012, 84, 2062-2066.

4'Y. Zhang, B. Zheng, C. Zhu, X. Zhang, C. Tan, H. Li, B. Chen,
J. Yang, J. Chen, Y. Huang, L. Wang and H. Zhang, Adv.
Mater., 2015, 27, 935-939.

5 C. G. Simon and S. Lin-Gibson, Adv. Mater., 2011, 23, 369-
387.

6 G. Georgiou, G. C. Ippolito, J. Beausang, C. E. Busse,
H. Wardemann and S. R. Quake, Nat. Biotechnol., 2014, 32,
158-168.

7 Y. C. Cao, R. Jin and C. A. Mirkin, Science, 2002, 297, 1536.

8 J.-M. Nam, C. S. Thaxton and C. A. Mirkin, Science, 2003, 301,
1884.

9 S. Giri, E. A. Sykes, T. L. Jennings and W. C. W. Chan, ACS
Nano, 2011, 5, 1580-1587.

10 B.-H. Jun, H. Kang, Y.-S. Lee and D. H. Jeong, Molecules,
2012, 17, 2474-2490.

11 Y. Zhao, Z. Xie, H. Gu, L. Jin, X. Zhao, B. Wang and Z. Gu,
NPG Asia Mater., 2012, 4, e25.

12 Y. Leng, K. Sun, X. Chen and W. Li, Chem. Soc. Rev., 2015, 44,
5552-5595.

13 H. Dong, L.-D. Sun, W. Feng, Y. Gu, F. Li and C.-H. Yan, ACS
Nano, 2017, 11, 3289-3297.

14 M. Han, X. Gao, J. Z. Su and S. Nie, Nat. Biotechnol., 2001, 19,
631-635.

15 L. Zhou, R. Wang, C. Yao, X. Li, C. Wang, X. Zhang, C. Xu,
A. Zeng, D. Zhao and F. Zhang, Nat. Commun., 2015, 6, 6938.

16 L. Cheng, K. Yang, M. Shao, S.-T. Lee and Z. Liu, J. Phys.
Chem. C, 2011, 115, 2686-2692.

17 U. Resch-Genger, M. Grabolle, S. Cavaliere-Jaricot,
R. Nitschke and T. Nann, Nat. Methods, 2008, 5, 763-775.

18 J. M. Klostranec and W. C. W. Chan, Adv. Mater., 2006, 18,
1953-1964.

19 X. Ji, F. Peng, Y. Zhong, Y. Su and Y. He, Colloids Surf., B,
2014, 124, 132-139.

20 N. M. S. Sirimuthu, C. D. Syme and ]J. M. Cooper, Chem.
Commun., 2011, 47, 4099-4101.

21 J.-F. Li, Y.]J. Zhang, S.-Y. Ding, R. Panneerselvam and
Z.-Q. Tian, Chem. Rev., 2017, 117, 5002-5069.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7sc05442d

Open Access Article. Published on 12 February 2018. Downloaded on 11/21/2025 8:22:54 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

22 X. Qian, X.-H. Peng, D. O. Ansari, Q. Yin-Goen, G. Z. Chen,
D. M. Shin, L. Yang, A. N. Young, M. D. Wang and S. Nie,
Nat. Biotechnol., 2008, 26, 83-90.

23 A.-1. Henry, B. Sharma, M. F. Cardinal, D. Kurouski and
R. P. Van Duyne, Anal. Chem., 2016, 88, 6638-6647.

24 J. Morla-Folch, P. Gisbert-Quilis, M. Masetti, E. Garcia-Rico,
R. A. Alvarez-Puebla and L. Guerrini, Angew. Chem., Int. Ed.,
2017, 56, 2381-2385.

25 K. Kneipp, H. Kneipp and J. Kneipp, Acc. Chem. Res., 2006,
39, 443-450.

26 M. Fleischmann, P. J. Hendra and A. J. McQuillan, Chem.
Phys. Lett., 1974, 26, 163-166.

27 H. Abramczyk and B. Brozek-Pluska, Chem. Rev., 2013, 113,
5766-5781.

28 C. L. Zavaleta, E. Garai, J. T. C. Liu, S. Sensarn,
M. ]J. Mandella, D. Van de Sompel, S. Friedland, J. Van
Dam, C. H. Contag and S. S. Gambhir, Proc. Natl. Acad. Sci.
U. S. A, 2013, 110, E2288-E2297.

29 D.-K. Lim, K.-S. Jeon, H. M. Kim, J.-M. Nam and Y. D. Suh,
Nat. Mater., 2010, 9, 60-67.

30 L. Rodriguez-Lorenzo, L. Fabris and R. A. Alvarez-Puebla,
Anal. Chim. Acta, 2012, 745, 10-23.

31 L. A. Lane, X. Qian and S. Nie, Chem. Rev., 2015, 115, 10489-
10529.

32 X. Su, J. Zhang, L. Sun, T.-W. Koo, S. Chan,
N. Sundararajan, M. Yamakawa and A. A. Berlin, Nano
Lett., 2005, 5, 49-54.

33 D. Zhu, Z. Wang, S. Zong, H. Chen, P. Chen and Y. Cui, RSC
Adv., 2014, 4, 60936-60942.

34 Y. Lai, S. Sun, T. He, S. Schlucker and Y. Wang, RSC Adv.,
2015, 5, 13762-13767.

35 S. Rodriguez-Enriquez, S. C. Pacheco-Velazquez,
J. C. Gallardo-Pérez, A. Marin-Hernandez, J. L. Aguilar-
Ponce, E. Ruiz-Garcia, L. M. Ruizgodoy-Rivera, A. Meneses-
Garcia and R. Moreno-Sanchez, J. Cell. Biochem., 2011, 112,
2703-2715.

36 S. Bamrungsap, T. Chen, M. I. Shukoor, Z. Chen,
K. Sefah, Y. Chen and W. Tan, ACS Nano, 2012, 6, 3974-
3981.

37 W. Xu, X. Ling, J. Xiao, M. S. Dresselhaus, J. Kong, H. Xu,
Z. Liu and J. Zhang, Proc. Natl. Acad. Sci. U. S. A., 2012,
109, 9281-9286.

38 Z.-L. Song, Z. Chen, X. Bian, L.-Y. Zhou, D. Ding, H. Liang,
Y.-X. Zou, S.-S. Wang, L. Chen, C. Yang, X.-B. Zhang and
W. Tan, J. Am. Chem. Soc., 2014, 136, 13558-13561.

39 Y. Zou, L. Chen, Z. Song, D. Ding, Y. Chen, Y. Xu, S. Wang,
X. Lai, Y. Zhang, Y. Sun, Z. Chen and W. Tan, Nano Res.,
2016, 9, 1418-1425.

40 A. C. Ferrari, Solid State Commun., 2007, 143, 47-57.

41 H. Yamakoshi, K. Dodo, A. Palonpon, J. Ando, K. Fujita,
S. Kawata and M. Sodeoka, J. Am. Chem. Soc., 2012, 134,
20681-20689.

42 S. Feng, D. Lin, J. Lin, B. Li, Z. Huang, G. Chen, W. Zhang,
L. Wang, J. Pan, R. Chen and H. Zeng, Analyst, 2013, 138,
3967-3974.

43 M. Bruchez, M. Moronne, P. Gin, S.
A. P. Alivisatos, Science, 1998, 281, 2013.

Weiss and

This journal is © The Royal Society of Chemistry 2018

View Article Online

Chemical Science

44 Y. Chen, J.-Q. Ren, X.-G. Zhang, D.-Y. Wu, A.-G. Shen and
J.-M. Hu, Anal. Chem., 2016, 88, 6115-6119.

45 B. Lorenz, C. Wichmann, S. Stockel, P. Rosch and J. Popp,
Trends Microbiol., 2017, 25, 413-424.

46 S. E. Osborne and A. D. Ellington, Chem. Rev., 1997, 97, 349-
370.

47 D. Shangguan, Y. Li, Z. Tang, Z. C. Cao, H. W. Chen,
P. Mallikaratchy, K. Sefah, C. J. Yang and W. Tan, Proc.
Natl. Acad. Sci. U. S. A., 2006, 103, 11838-11843.

48 X. Fang and W. Tan, Acc. Chem. Res., 2010, 43, 48-57.

49 W. Tan, M. ]J. Donovan and J. Jiang, Chem. Rev., 2013, 113,
2842-2862.

50 N. Zhang, T. Bing, L. Shen, R. Song, L. Wang, X. Liu, M. Liu,
J. Li, W. Tan and D. Shangguan, Angew. Chem., Int. Ed., 2016,
55, 3914-3918.

51 X. Xu, Y. Zhao, H. Lu, C. Fu, X. Li, L. Jiang and S. Li,
Nanoscale Res. Lett., 2016, 11, 437.

52 Z. Fan, L. Sun, Y. Huang, Y. Wang and M. Zhang, Nat.
Nanotechnol., 2016, 11, 388-394.

53 F. Tas, S. Karabulut and D. Duranyildiz, Mol. Cell. Biochem.,
2014, 396, 307-312.

54 X.-F. Lai, Y.-X. Zou, S.-S. Wang, M.-J. Zheng, X.-X. Hu,
H. Liang, Y.-T. Xu, X.-W. Wang, D. Ding, L. Chen, Z. Chen
and W. Tan, Anal. Chem., 2016, 88, 5385-5391.

55 X. Bian, Z.-L. Song, Y. Qian, W. Gao, Z.-Q. Cheng, L. Chen,
H. Liang, D. Ding, X.-K. Nie, Z. Chen and W. Tan, Sci. Rep.,
2014, 4, 6093.

56 W. Cai, R. D. Piner, F. J. Stadermann, S. Park, M. A. Shaibat,
Y. Ishii, D. Yang, A. Velamakanni, S. J. An, M. Stoller, J. An,
D. Chen and R. S. Ruoff, Science, 2008, 321, 1815.

57 Z.Liu, X. Li, S. M. Tabakman, K. Jiang, S. Fan and H. Dali, J.
Am. Chem. Soc., 2008, 130, 13540-13541.

58 M. Kalbac, J. Kong and M. S. Dresselhaus, J. Phys. Chem. C,
2012, 116, 19046-19050.

59 X. Li, W. Cai, L. Colombo and R. S. Ruoff, Nano Lett., 2009, 9,
4268-4272.

60 M. Kalbac, H. Farhat, J. Kong, P. Janda, L. Kavan and
M. S. Dresselhaus, Nano Lett., 2011, 11, 1957-1963.

61 Z. Chen, S. M. Tabakman, A. P. Goodwin, M. G. Kattah,
D. Daranciang, X. Wang, G. Zhang, X. Li, Z. Liu, P. J. Utz,
K. Jiang, S. Fan and H. Dai, Nat. Biotechnol., 2008, 26,
1285-1292.

62 H. Di, H. Liu, M. Li, J. Li and D. Liu, Anal. Chem., 2017, 89,
5874-5881.

63 A. F. Palonpon, M. Sodeoka and K. Fujita, Curr. Opin. Chem.
Biol., 2013, 17, 708-715.

64 H. Yamakoshi, K. Dodo, M. Okada, J. Ando, A. Palonpon,
K. Fujita, S. Kawata and M. Sodeoka, J. Am. Chem. Soc.,
2011, 133, 6102-6105.

65 S. Wu, Y. Zhong, Y. Zhou, B. Song, B. Chu, X. Ji, Y. Wu, Y. Su
and Y. He, J. Am. Chem. Soc., 2015, 137, 14726-14732.

66 L. Cai, Z.-Z. Chen, M.-Y. Chen, H.-W. Tang and D.-W. Pang,
Biomaterials, 2013, 34, 371-381.

67 C. F. Semenkovich, R. E. Ostlund, M. O. J. Olson and
J. W. Yang, Biochemistry, 1990, 29, 9708-9713.

68 Y. Li, R. W. Farmer, Y. Yang and R. C. G. Martin, BMC Cancer,
2016, 16, 228.

Chem. Sci,, 2018, 9, 2842-2849 | 2849


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7sc05442d

	Isotopic graphenetnqh_x2013isolated-Au-nanocrystals with cellular Raman-silent signals for cancer cell pattern recognitionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc05442d
	Isotopic graphenetnqh_x2013isolated-Au-nanocrystals with cellular Raman-silent signals for cancer cell pattern recognitionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc05442d
	Isotopic graphenetnqh_x2013isolated-Au-nanocrystals with cellular Raman-silent signals for cancer cell pattern recognitionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc05442d
	Isotopic graphenetnqh_x2013isolated-Au-nanocrystals with cellular Raman-silent signals for cancer cell pattern recognitionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc05442d
	Isotopic graphenetnqh_x2013isolated-Au-nanocrystals with cellular Raman-silent signals for cancer cell pattern recognitionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc05442d
	Isotopic graphenetnqh_x2013isolated-Au-nanocrystals with cellular Raman-silent signals for cancer cell pattern recognitionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc05442d
	Isotopic graphenetnqh_x2013isolated-Au-nanocrystals with cellular Raman-silent signals for cancer cell pattern recognitionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc05442d
	Isotopic graphenetnqh_x2013isolated-Au-nanocrystals with cellular Raman-silent signals for cancer cell pattern recognitionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc05442d

	Isotopic graphenetnqh_x2013isolated-Au-nanocrystals with cellular Raman-silent signals for cancer cell pattern recognitionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc05442d
	Isotopic graphenetnqh_x2013isolated-Au-nanocrystals with cellular Raman-silent signals for cancer cell pattern recognitionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc05442d
	Isotopic graphenetnqh_x2013isolated-Au-nanocrystals with cellular Raman-silent signals for cancer cell pattern recognitionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc05442d
	Isotopic graphenetnqh_x2013isolated-Au-nanocrystals with cellular Raman-silent signals for cancer cell pattern recognitionElectronic supplementary information (ESI) available. See DOI: 10.1039/c7sc05442d


