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ABSTRACT: Surface coating determined the sensitivity and stability of surface-
enhanced Raman scattering (SERS) tags in bioanalysis. The reported various coatings
suffered from the drawbacks of a lack of rigidity, stability, or synthesis versatility.
Herein, we demonstrated robust polystyrene (PS) coated SERS tags that could be
prepared by an easy and universal approach. Taking advantages of biocompatible,
transparent, compact properties of PS shell, the coated tags showed satisfactory
sensitivity, biocompatibility, and superior structural stability in cell and in vivo
imaging applications. More importantly, the PS coating strategy allowed for the
encapsulation of SERS tags encoded with not only thiolated but also nonthiolated
Raman reporters without loss of sensitivity, as exemplified in the synthesis of 9
different resonant dye-encoded tags. Moreover, the coating of SERS tags with various
kinds of substrates was achieved via the same standard protocol. Comparing with
widespread silica coated tags, the PS coated ones were more stable in harsh
conditions and had an easily expanded ultrasensitive (resonant) tags library with
much lower cost (no need of expensive sulfhydryl/isothiocyano reporters with limited types), illustrating great promise as
standard analytical tools of commercialized value for bioanalysis, medical diagnostics, and environmental science studies.

Surface-enhanced Raman scattering (SERS) tags have
attracted much attention for bioimaging analysis due to

high sensitivity, multiplex labeling ability, and satisfactory
biocompatibility.1 A bare SERS tag is composed of two main
parts, i.e., a noble metal nanoparticle (NP) as a Raman signal
enhancement substrate and reporter molecules for the
generation of characteristic Raman peaks. The colloidal and
optical stabilities of bare tags are often compromised by
structural alteration or ligand dissociation of Raman reporters
in complicated biological environments. Therefore, additional
surface coating materials, as an additional component of SERS
tags, are extensively screened to encapsulate the bare tags to
overcome these problems. Up to now, many kinds of coating
materials including biomolecules (protein,2−4 lipid5−9), “soft”
polymers (SH-PEG,10,11 polydopamine12−14), inorganic shells
(silica,15−21 titania22), and carbon materials (mesoporous
carbon,23 graphitic capsule24−27) as well as metallic layers
(such as those within gap-enhanced Raman tags)28−32 have
been reported.

There are several concerns for the selection of coating
materials. The first is biocompatibility, which is a basic
requirement for producing probes for biological applications.
The second is the permeability and structural stability. SERS
tags may encounter many different biological conditions, such
as those rich in protein, detergent, and salt, with a broad pH
range (from pH 1 in stomach to pH 8−9 in intestine), and
long-term exposure in physiological temperature (37 °C)
during the in vivo imaging application. An ideal coating should
be firm enough to protect the inner NPs and Raman reporters
in all these harsh conditions. Mesoporous inorganic shells and
linear polymer coatings cannot effectively prevent the
penetration of interference molecules. Lipid bilayer coating is
sensitive to many kinds of stimulus (detergent, heat, lipid
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exchange) due to its soft and fluidic nature.33 Solid silica shell
is impermeable; however, it tends to degrade in weak basic
media34,35 and cannot stand for long-term storage.36

The third concern is the transparency of the coating
material. Silica and polymer are satisfactory in this aspect.
Despite ultrathin graphitic shells also being transparent, it will
introduce intrinsic Raman D and G bands as background
signals of SERS tags.27,37 Because of the strong light adsorption
property, polydopamine12 and carbon shell23 dramatically
reduce the signals of SERS tags with the increasing thickness of
the shells.
The fourth one is the convenience and versatility of

synthesis. The synthesis of silica coating required multiple
processes, including the unavoidable modification of vitre-
ophilic agents (i.e., PVP,38 MUA,17 and SH-PEG,39 etc.) on
noble metal NPs in advance. Moreover, the pH of the coating
medium must be adjusted to alkaline for the hydrolysis of
TEOS, which greatly weakens the affinity of positively charged
Raman reporters to the NPs. As a result, the signal intensity of
the coated tags sharply decreased. Owing to this problem, silica
coated SERS tags tended to involve nonresonant, thio-/
isothiocyano-containing Raman reporters. The encapsulation
of varied, nonthiolated but resonant molecules to increase the
sensitivity and expand the “SERS tag library” could hardly be
realized.
In recent years, SERS tags had a blooming development but

most attention had been paid on the nanosubstrates and
Raman reporters. From the aspect of coating, silica and SH-
PEG are generally regarded as standard materials and seldom
doubted. In view of the above discussions, there were still
many unsolved fundamental problems on this issue, and the
development of novel coating materials and methods for SERS
tags were still in great demand.
We speculated that polystyrene (PS) was advantageous as

coating material for SERS tags. (1) From the aspect of
biosafety, fluorescent PS NPs had been widely applied in cell/
in vivo imaging as standard labeling tools for their good
biocompatibility.40,41 (2) As a material that can be used to
produce optical devices, PS has high transparency with light
transmittance of about 90% and refractive index of 1.59.42 This
feature is helpful to reduce signal loss from the coating and
maximally preserve the signal of SERS tags. (3) The structural
compactness and stability of PS is also prominent.36 It can
effectively prevent interfering molecules from entering the
SERS tag shell and protect signal stability of the tags. Once
tags were developed into commercially available probes, a
long-term storage period could also be expected. Up to now,
SERS tags prepared by depositing metal NPs on the surface of
PS sphere templates had been proposed,43−47 but those with
PS coating shells had never been reported.
Herein, we prepared PS coated SERS tags for the first time

via an easy and universal approach. Taking advantage of
biocompatible, transparent, rigid properties of PS shell, the tags
showed satisfactory sensitivity, monodispersity, biocompati-
bility, and superior structural stability. More importantly, the
PS coating was a versatile strategy that allowed for
encapsulation of both thiolated and nonthiolated dye-encoded
tags, greatly increased the diversity, and lowered the cost of the
ultrasensitive resonant SERS (SERRS) tags. Besides, the
encapsulation of SERS tags with substrates of various shapes
and capping ligands, including hydroxylamine capped gold
nanospheres, HEPES coated gold nanoflowers, and CTAB
coated gold nanorods, was achieved via the same protocol. The

PS coated SERS tags exhibited strong and stable signals in cell
and in vivo imaging applications, illustrating great potential as
alternative standard tools for the widespread silica coated tags
in bioanalysis and medical diagnostics.

■ EXPERIMENTAL SECTION
Materials. Chloroauric acid (HAuCl4), hydroxylamine

hydrochloride (NH2OH·HCl), sodium hydroxide (NaOH),
sodium chloride (NaCl), sodium bromide (NaBr), anhydrous
sodium sulfate (NaSO4), silver nitrate (AgNO3), L-ascorbic
acid (AA), crystal violet (CV), malachite green (MG),
rhodamine B (RB), rhodamine 6G (R6G), tetraethyl
orthosilicate (TEOS), styrene (St), hydrochloric acid (HCl),
ammonia ammonium hydroxide (NH3·H2O), and ethanol
were purchased from Sinopharm Chemical Reagent Co. Ltd.
Sodium citrate, sodium borohydride (NaBH4), and poly-
(vinylpyrrolidone) (PVP) were obtained from Aladdin.
Glutathione (GSH), cetyltrimethylammonium bromide
(CTAB), cetyltrimethylammonium chlorine (CTAC), 3,3′-
diethylthiatricarbocyanine iodide (DTTC), 3,3′-diethylthiadi-
carbocyanine iodine (DTDC), Cy7, 4-nitrothiophenol (4-
NT), and IR140 were purchased from Sigma-Aldrich. 1,1′-
Dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide
(DIR) was obtained from AAT Bioquest. Divinylbenzene
(DVB) and 2,2-azobis(2-methylpropyl)dihydrochloride
(AIBA) were purchased from Macklin. 4-(2-Hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) was obtained from
Life Science Products. Lipoid E80 was purchased from Lipoid
GmbH. 11-Mercaptoundecanoic acid (MUA) was obtained
from J&K Scientific. SH-PEG was obtained from Shanghai
Yare Biotech. CKK-8-enhanced solution was obtained from
Meilunbio. Dulbecco’s modified Eagle’s medium (DMEM),
penicillin−streptomycin solution, fetal bovine serum, and
trypsin−ethylenediaminetetraacetic acid solution were pur-
chased from Thermo Scientific. Deionized water was used in
all the experiments (18.2 MΩ cm−1).

Characterization. Transmission electron microscopy
(TEM) images were obtained on a JEM-1400 transmission
electron microscope (JEOL, Japan). Scanning electron
microscopy (SEM) images were acquired on an S-4800 field
emission scanning electron microscope (Hitachi, Japan). The
UV−vis absorption spectra were recorded on a Thermo
Scientific NanoDrop 2000/2000C spectrophotometer. The ζ
potential and dynamic light scattering (DLS) size were
measured on a Zetasizer NanoZS90 (Malvern Instruments,
U.K.). The SERS spectra were recorded on a DXR Raman
microscope (Thermo Scientific, USA). A 632.8 or 780 nm
laser was focused by a 10× and a 50× microscope objective for
the sample solution, cell or mouse measurements.

Synthesis of 110 nm Gold Nanospheres (AuNSs).
AuNSs was synthesized via a seed growth method.48 Briefly,
1.0 mL of sodium citrate (1 wt %) was quickly added into the
boiling solution of 100 mL of HAuCl4 (0.01 wt %) under
stirring and refluxing. The mixture solution continued boiling
for 30 min, and then the solution was cool to room
temperature. The NPs in this solution were used as Au
seeds. A 4.0 mL aliquot of the seed solution and 0.9 mL of
sodium citrate (1 wt %) were added to 53 mL of water,
followed by addition of 0.9 mL of HAuCl4 (1 wt %) and
stirring for 8 min. Then, 1.4 mL of NH2OH·HCl (10 mM) was
added dropwise with continuous stirring. The reaction should
be complete after 5 min and stirring was continued for 1 h at
room temperature.
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Synthesis of Bare SERS Tags. Bare SERS tags were
obtained by mixing 20 mL of AuNS solution and 200 μL of
Raman reporter solution for 0.5 h. The final concentration was
10−6 M for NT, IR140, RB, DTTC DIR, and Cy7 and 10−7 M
for CV, MG, DTDC, and R6G.
Synthesis of PS Coated SERS Tags. First, 19.5 mL of

water and 82.5 mL of ethanol were added to a mixture of
purified St (0.95 mL), DVB (0.05 mL), and PVP (300 mg) in
a 250 mL, two-necked flask equipped with a reflux condenser
and a Teflon coated magnetic stirring bar. The reaction
mixture was stirred at 70 °C for 1 h under a nitrogen
atmosphere. Then, 3 mL of an aqueous AIBA solution (1.7 wt
%) was added to the flask. Eight min later, 15 mL of bare SERS
tag solution was introduced into the reaction mixture. The
reaction was continued with heating at 70 °C for another 18 h
under a nitrogen atmosphere. The PS coated SERS tags were
washed 5 times by being centrifuged in water to remove the
residual reactants and free PS NPs.
Cell Culture and Imaging. A549 cells were grown as a

monolayer in a humidified incubator at 37 °C in air/CO2
(95:5). The medium was DMEM that was supplemented with
10% fetal bovine serum. For all experiments, the cells were
washed with phosphate-buffered saline (PBS) and harvested by
using trypsin. All cells were finally resuspended in a fresh
medium before plating. For cell imaging, the A549 cells (2 ×
104) were seeded onto glass coverslips in a 24-well plate with
500 μL of DMEM medium and cultured for 12 h to allow the
cells to attach. Then, 100 μL of each SERS tag (40 μg/mL)
was added into the cell culture. After incubation for different
times (3, 6, 12, and 24 h), the cell monolayer on the coverslip
was repeatedly washed with PBS to remove the remaining
particles and then sealed with a glass microscope slide. The
cells were fixed on glass coverslips before imaging. The
observations were performed by Raman microscopy, and the
SERS mapping could be performed at the same time.
MTT Assay. In a 96-well plate, 5 ×103 A549 cells were

plated and incubated for 12 h to allow the cells to attach. Then
Au NPs SERS tags were added to the cells with different
concentrations, and the cells were incubated at 37 °C for
another 24 h. Cell viability of the tags was evaluated by using
an MTT assay.
In Vivo SERS Detection. The in vivo detection of the Au

star@Cy7@PS SERS tags was tested in three administration
ways. (1) The tag solution was subcutaneously injected at a leg
of a mouse, and the time-dependent SERS signal at the
injection site was in situ monitored. (2) The tag solution was
intravenously injected into a mouse through the tail vein.
Afterward, the signals from the main organs were recorded
through skin at different time intervals. Fifteen h later, the
mouse was executed and SERS signals of liver, spleen, lung,
heart, and kidney were measured after stripping off the
overlying skin. (3) The tag solution was given to a mouse via
intragastric administration route. The signal from stomach was
monitored 15 min postadministration. Five h later, the mouse
was executed and the SERS signal from ex vivo intestine was
measured. In order to examine the possibility of the tags to
pass through the intestinal tract barrier, another mouse was
subjected to 2 consecutive days’ intragastric administration,
and then the SERS signal of tail vein blood was recorded. For
each way 200 μL of the tags (350 μg/mL) was administrated,
followed by the detection of the SERS spectrum from specific
sites or organs using Raman microscopy with a 780 nm laser
(150 mW).

■ RESULTS AND DISCUSSION
Morphology and Spectral Properties of PS Coated

SERS Tags. Figure 1A illustrated the synthesis procedure of

PS coated SERS tags. First, bare SERS tags were prepared by
adsorbing Raman reporter molecules on the surface of AuNSs.
Then the bare tags were added to the mixture of a
polymerization solution containing St as the monomer, PVP
as the emulsifier, DVB as the cross-linking agent, and AIBA as
the initiator. After the polymerization proceeded for 8 min,
bare SERS tags were added to the polymerization solution. A
large amount of PVP capped free polymer nuclei quickly
attached on and stabilized the bare tags, assuring the
monodispersity of the tags in ethanol-rich medium, without
interfering adsorption of the Raman reporters. With further
growth of the attached polymer nuclei, highly cross-linked and
compact PS shell in situ formed on the surface of the tags,
resulting in the formation of PS coated SERS tags. Free PS
NPs were also produced, but they could be easily separated
from the tags via centrifugation due to the large density
distinction between the two NPs. The prepolymerization of St
was a critical step, without which the morphology of PS coated
tags was irregular and a lot of large PS aggregates formed
(Supporting Information Figure S1).
Panels B and C of Figure 1 illustrated TEM images of the

core AuNSs and AuNS@DTTC@PS SERS tags, respectively.
The AuNSs were encapsulated inside PS shells with a thickness
around 35 nm. The particle size distribution of the tags was
uniform according to dynamic light scattering (DLS) results
(Figure S2). A small fraction of NP clusters (about 10.6%
dimer and 2.8% trimer counted by 280 NPs) formed probably
during the NP and Raman reporter mixing process, which
could be effectively separated via a further low speed
centrifugation (Figure S3). ζ potential of the tags was 26.7
mV, which made the dispersion of the colloid as good as the
AuNS core solution (−5.69 mV). UV−visible spectra of Au NS

Figure 1. (A) Schematic illustration of synthesis procedure of PS
coated SERS tags. TEM image of AuNS cores (B) and AuNS@
DTTC@PS SERS tags (C). The inset pictures showed the sample
solutions. (D) UV−vis spectra of AuNS cores and AuNS@DTTC@
PS SERS tags. (E) Raman spectra of SERS tag before and after PS
shell coating. The peak marked with asterisk (890 cm−1) was from
ethanol for preparing DTTC solution.
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cores and AuNS@DTTC@PS SERS tags were illustrated in
Figure 1D. The SPR wavelength of the Au NS core red-shifted
from 598 to 635 nm after the coating process, which was due
to the increasing refractive index environment (from 1.33 of
water to 1.59 of PS) and the slight aggregation of the AuNS
cores. The PS coated tags perfectly preserved SERS signal
intensity of the bare tags (Figure 1E), indicating the coating
protocol did not affect the structure and NP-attachment of
Raman reporters. It should be noted that the peak at 1160
cm−1 (a benzene ring C−C stretching vibration of DTTC)
decreased and merged with its neighboring peak after PS
coating, probably owing to specific interaction of this
molecular domain with the surrounding PS polymer chain.49

Effect of PS Thickness on SERS Intensity. The effect of
PS thickness on SERS intensity was studied. TEM images in
Figure 2 A−D showed that the thickness of the tags could be

tuned from 9 nm at 10 min to 35 nm at 18 h. Taking advantage
of the transparency of PS, the increasing thickness of the PS
shell had little effect on the Raman signal intensity of the tags
(Figure 2E,F) and the relative standard deviation of the signal
intensity for samples with four different thicknesses was only
7.1%, indicating that PS coating was superior to the
polydopamine coating and carbon shell coating that could
dramatically shield the signal of the tags.12,23 Much thinner PS
layer (2−3 nm) could also be obtained by collecting the
product with a shorter reaction time (Figure S4); however,
these tag samples were not further characterized considering
the probably weakened robustness for bioimaging applications.
Encapsulation of SERS Tags with Different Kinds of

Raman Reporters and SERS Substrates. The ease of the
coating procedure rendered the encapsulation of SERS tags
with various kinds of Raman reporters including not only
thiolated ones which could strongly attach on gold surface via
Au−S chemical bond but also nonthiolated molecules with
weak affinity via weak electrostatic interaction. Figure 3A
showed Raman spectra of 10 PS coated SERS tags; among
them 9 spectra were from nonthiolated “resonant” Raman
reporter molecules. The signals of all bare SERS tags were
perfectly preserved after PS coating, regardless of the type of
reporters. For comparison, we also tried to encapsulate the
bare tags inside silica shells via a widespread Stöber method.17

However, the coating was hard to proceed with because when

the pH of the coating medium was adjusted to alkaline for
hydrolysis of TEOS, the signal of 9 bare tags (except for Cy7)
dramatically decreased to between 16% and 50% of the initial
values (Figure 3B,C), relying on the different cross-sections
and affinity to the meal surface of the Raman reporters (Figure
3D). The decrease in signal could be attributed to two reasons.
(1) The pH change would alter the structure of the Raman
reporter and made its electronic configuration from a resonant
form to a nonresonant form. (2) The increased pH weakened
the electrostatic interaction between negative charged AuNSs
and positive charged reporters, resulting in detachment and
aggregation of the reporters (Figure S5). This unavoidable
problem made the type of reporter restricting in thio- or
isothiocyano-containing molecules. Despite few nonthiolated
molecules also being reported,15,19,20 the sensitivity of the silica
coated tags was too much lost comparied with the bare ones.
The PS coating strategy avoided the pH adjustment and
showed no interference on the signal of the tags. It broadened
the reporter library and benefitted the preparation of a large set
of resonant reporter coded, sensitive SERS tags for multiplex
labeling.
Furthermore, we investigated the possibility to coat other

SERS nanosubstrates, including citrate capped Au NP, lipid
bilayer capped core−satellite (C−S) NP, CTAB coated gold
nanorods (Au NR), and HEPES coated gold nanoflowers (Au
NFs) via the same protocol. Figure 4 showed the TEM images
and SERS spectra of the products, which indicated that this
method was versatile on coating NPs with different
morphologies and capping ligands and surface charges.
Besides, TEM images and UV−vis absorption spectra (Figure
S6) proved that PS coating conditions (70 °C) did not cause
morphology change of multibranched cores such as Au NFs
and nanostars, which might reshape toward spherical NPs at
high temperature.

Stability of PS Coated SERS Tag. PS is resistant to
various alkalis, salts, and certain acids (such as sulfuric acid,
phosphoric acid, boric acid, and hydrochloric acid with a mass
fraction of 10% to 30% aqueous solutions. The impermeability
and structural stability of PS coating had been demonstrated in
previous works. It could provide hydrophobic environment to

Figure 2. TEM images of AuNS@DTTC@PS SERS tags with
polymerization reaction time of 10 min (A), 1 h (B), 5 h (C), and 18
h (D). The shell thicknesses were about 9, 17, 25, and 35 nm,
respectively. (E) Raman signal of PS coated SERS tags of different
shell thickness. (F) SERS signal intensity of 1130 cm−1 peak of the
four samples. The data are presented as the mean intensity with
standard deviation (n = 3).

Figure 3. (A) Raman spectra of SERS tags adsorbing different kinds
of Raman reporters before (black line) and after PS coating (red line).
(B) Raman spectra of SERS tags adsorbing different kinds of Raman
reporters before (black line) and after pH adjustment for silica coating
(red line). (C) Signal preservation comparison for PS and silica
coating methods using different Raman reporters. The data are
presented as the mean value of three measurements with standard
deviation. (D) Chemical structures of the Raman reporters.
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protect the lanthanide complexes50 or quantum dots51 from
being quenched by outside species presented in water. In our
work, PS coated SERS tags showed excellent signal stability in
various biologically related environments (Figure 5A). No

significant variation in SERS intensity of PS coated tags was
observed in PBS (pH 7.4), DMEM, serum, glutathione (GSH,
1 mM), NaCl (1 mM), basic and acidic water (pH 12 and pH
1), and 37 °C incubation conditions. By contrast, the signal
intensity of bare tags underwent a sharp increasing or
decreasing in different conditions due to aggregation of NPs
or detachment of Raman reporters. For silica coated tags, slight
agglomeration occurred under pH 12 and 37 °C conditions
and the Raman signal was apparently enhanced, probably
owing to the dissolution of silica shell. Considering the need

for continuous, long-term monitoring, the photostability of the
PS coated tags was also investigated, by comparing with that of
SH-PEG coated tags. As shown in Figure S7, the signal of PEG
coated tags decreased dramatically to 48% of its initial value
due to the reporter detachment from the tags, while SERS
signal remained essentially unchanged for PS shell protected
tags. The PS coated tags also demonstrated satisfactory long-
term storage structural (Figure S8) and signal stability. After
180 days’ storage the PS shell was still compact and the signal
intensity maintained around 92% of the initial value (Figure
5B).
The superior signal stability came from the ideal structural

stability of PS coating. To prove this, the three tags (Figure 5
C,D,E) were dispersed in pH 7.4 PBS at 37 °C and pH 12
water for 24 h, respectively. Bare tags aggregated and fused to
some extent in both conditions (Figure 5 F,I). For PBS treated
silica tags, the solid NPs with rigid coating dramatically
changed to interesting rattle structures with soft, wrinkled shell
because of a selective silica etching process35 (Figure 5G).
Differently, the incubation in basic atmosphere (pH 12)
tended to induce the dissolution of silica from the outer
surface, indicated by the fusion of the coated NPs and the
randomly spread pasty material (dissolved sodium silicate) on
the NPs (Figure 5J). As expected, PS coating held great
advantage from the aspect of structural stability. It remained
intact in both harsh conditions (Figure 5 H,K), thus offering a
stable environment for the tags and assuring the signal stability.

Cell Imaging. In view of the bioimaging applications, the
cytotoxicity of the PS coated tags was evaluated via the MTT
assay. Figure S9 showed that cell viability was larger than 80%
at the highest dose of the tags (100 μg/mL). The value was
95.5% at the tag concentration used for cellular imaging (40
μg/mL), indicating the biocompatibility was satisfactory for
potential biological applications. Then, the living cell imaging
experiments were performed by using DTTC- and CV-
encoded tags by utilizing 780 and 632.8 nm laser irradiation,
respectively. Both tags were observed to be taken up by the
cells and characteristic peaks could be measured inside the cells
(Figure 6A,B). To illustrate the signal protection effect of the
PS shell inside living cells, we compared the imaging
performance of nonthiolated reporter crystal violet (CV)-
encoded tags with and without PS coating. As shown in Figure
6C, the Raman signal of the bare AuNS@CV tags quickly
decreased and nearly disappeared after 24 h in A549 cells. The
signal loss was owing to the displacement of weak adsorbed
CV by endogenous thiol-containing molecules. By contrast, the
intensity of AuNS@CV@PS tags gradually increased because
of the uptake by the cells, and a strong signal was maintained
as the culture time extended to 24 h (Figure 6D). This signal
stability was comparable with that of the AuNS@CV@SiO2 tag
counterpart whose intracellular stability was well accepted
(Figure S10).Therefore, it could be concluded that the PS shell
effectively prevented the interference from cells, making the
unstable, nonthiolated Raman reporter-coded SERS tag
qualified for living cell imaging applications.

In Vivo Imaging. In vivo imaging potential of the PS
coated SERS tags were demonstrated by three proof-of-
concept experiments, applying Au star@Cy7@PS tags which
showed extraordinary sensitivity under 780 nm laser irradiation
(Figure S11). First, the tag solution (350 μg/mL) was
subcutaneously injected at a leg of a mouse and monitored
the SERS signal with a 780 nm laser irradiation (Figure 7A).
Shown in Figure 7B,C was a strong and characteristic SERS

Figure 4. TEM images of PS coated tags with different cores. (A)
Citrate capped Au NP, (B) lipid bilayer capped C−S NP, (C) CTAB
coated Au NR, and (D) HEPES coated Au NF. The inset pictures
showed the sample solutions. (E) SERS spectra of the tags with
DTTC as Raman reporter.

Figure 5. (A) SERS signal variations of bare AuNS-DTTC tags, silica
coated tags, and PS coated tags under different biologically related
incubation conditions for 30 min. Relative Raman intensity indicated
the ratio of the peak intensity at 1133 cm−1 value of the tags before
and after incubation. (B) Signal intensity, morphology, and solution
color of AuNS@DTTC@PS SERS tags before and after 180 days’
storage. Raman intensity data were presented as the mean intensity of
1130 cm−1 peak with standard deviation (n = 3). SEM images of
AuNS-DTTC tags (C, F, I), silica coated tags (D, G, J), and PS
coated tags (E, H, K) without treatment (C, D, E), incubated in 37
°C, pH 7.4 PBS (F, G, H) and in pH 12 aqueous solution at 25 °C (I,
J, K) for 24 h.
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signal of the tag at the first 24 h at the injection region, whereas
it decreased to about 1/3 of the initial value at 50 h and was
totally undetected after 70 h, indicating the clearance of tag
solution. Second, the tags were intravenously injected into a
mouse through the tail vein. Characteristic peaks of the tag
could be clearly observed from liver and spleen after 1 h from
this living mouse through the skin (Figure 7D), indicating the
in vivo, deep tissue imaging capability. After 15 h, the mouse
was executed, and the SERS signals from ex vivo main organs
were recorded after stripping off the overlying skin. The liver,
spleen, and lung showed strong signals, and a weak peak was
measured from the heart and kidney (Figure 7E). These results
provided preliminary distribution information on the tags in
mouse. Third, to test the signal stability of the tags in the
digestive system, the tag solution was intragastrically
administrated to a mouse. A strong signal could be recorded
from the stomach of the living mouse after 15 min (Figure 7F,
up panel). The mouse was executed after 5 h, followed by the
SERS measurement of the digestive organs. Strong SERS signal
could be observed from a specific section of small intestine,
which not only provided the transportation location of the tags
but also verified the tags withstand the harsh environments of
the digestive system (low pH at stomach and weak basic, rich
of digestive ferment at intestine). In order to examine the
possibility of the tags to pass through intestinal tract barrier, a
mouse was subjected to 2 consecutive days’ intragastric
administration of the tags, followed by the signal measurement
from tail vein blood (Figure 7F, low panel). Apparent SERS
signal was recorded in the blood, implying that the tags had
crossed intestinal epithelial cells, entered the blood circulation
and been taken to the whole body.
Micro-/nanoplastics as a novel environmental pollutant have

drawn worldwide attention. It was important to elaborate the

in vivo behavior through imaging technology and then evaluate
the safety risk on animals and human beings. From this point
of view, PS coated tags could serve as labeled nanoplastics
models and played an important role in the field of
environmental sciences. Our preliminary results implied
toxicity risk via an oral exposure of nanoplastics, and detailed
works on this issue are still ongoing.

■ CONCLUSIONS
In summary, we developed a simple and universal approach for
the synthesis of PS coated SERS tags. The tags exhibited
satisfactory biocompatibility, sensitivity, and signal stability. An
underlined advantage of the PS coating strategy was that it
could encapsulate tags encoded with normal dyes without thiol
groups without loss of the sensitivity. This paved the way for
the expansion of stable and ultrasensitive resonant tag library
in a simple and low cost manner. Furthermore, the bioimaging
capability of PS coated SERS tags was demonstrated through
proof-of-concept of living cell and in vivo imaging applications.
The PS coated tags held great potential in preclinical diagnosis
as standard probes and in environmental science as novel
optical labeling nanoplastics models.

Figure 6. SERS imaging of the A549 cells using AuNS@DTTC@PS
(A) and AuNS@CV@PS SERS tags (B) after incubation for 24 h.
The images were obtained. The spectra were extracted from the
intracellular regions. Mean SERS spectra of bare AuNS@CV SERS
tags (C) and AuNS@CV@PS SERS tags (D) at different time
intervals after incubation with the cells. Each mean spectrum was
plotted from 20 spectra from different cell positions. The insets
showed intensity variations of the peak at 1607 cm−1 (n = 20).

Figure 7. (A) In vivo SERS detection of a mouse subcutaneously
injected at a leg. (B) SERS spectra from the injection site at different
time intervals. (C) Time-dependent SERS tag signal intensity
variation at the injection site of the mouse. The data are presented
as the mean intensity at 1130 cm−1 with standard deviation (n = 3).
(D) SERS spectra from liver (up panel) and spleen (low panel) of a
living mouse 1 h postinjection through the tail vein. The blank spectra
were recorded from the anatomical locations of liver and spleen of the
mouse before tag injection. (E) SERS spectra from ex vivo main
organs from the same mouse 15 h post intravenous injection. (F) Up
panel, SERS spectra from stomach of a living mouse 15 min
postintragastric administration recorded through skin. The blank
spectrum was recorded from the anatomical location of the stomach
of this mouse before tag administration. Low panel, spectrum
collected from tail vein blood of a mouse treated with 2 consecutive
days’ intragastric administration of SERS tags. The blank spectrum
was recorded from the blood of this mouse before tag administration.
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