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Stimulus-responsive surface-enhanced Raman
scattering: a "Trojan horse” strategy for precision
molecular diagnosis of cancery

b

Cai Zhang,? Xiaoyu Cui, 122 Jie Yang,® Xueguang Shao, (22 Yuying Zhang

and Dingbin Liu®*2

Molecular diagnosis has played an increasingly important role in cancer detection. However, it remains
challenging to develop an in situ analytical method capable of profiling the molecular phenotype of
tumors for precision cancer diagnosis. A “Trojan horse” strategy based on stimulus-responsive surface-
enhanced Raman scattering (SR-SERS) is reported here for selectively recording the comprehensive
molecular information of tumors in situ, without resorting to destructive sample preparation and
complex data analysis. This technique is employed to delineate the margin between tumors and normal
tissues with high accuracy, and to further discriminate the molecular fingerprints of tumors in the early
and late stages. Based on molecular profiling, we discovered that the signal ratios of fatty acid-to-
phenylalanine could serve as promising indicators for identifying the primary tumors in different stages.
This simple SR-SERS technique also provides a potential useful means for identifying tumor

rsc.li/chemical-science

Introduction

The tumor microenvironment (TME) is recognized as the “soil”
of cancer that plays a critical role in tumor growth, metastasis,
and prognosis.”” The TME constitutes a complex network of
biospecies whose abnormal functions are highly associated
with cancer development.® Gaining access to the comprehensive
molecular information of the TME could revolutionize molec-
ular diagnosis and help physicians make accurate and timely
decisions for clinical intervention.* A number of analytical
methods such as metabolomics,” proteomics,® gene
sequencing,” immunoassays,® and mass spectrometry’ have
been established for collecting the molecular information of
tumors. However, all these techniques can only provide frag-
mented molecular information of the TME, which is unable to
reflect the overall molecular changes. At present, obtaining the
comprehensive molecular details of biological tissues relies on
the coupling of multiple analytical methods, which are
complicated, time-consuming, and costly. Moreover, these
techniques often rely on the destructive preparation of target
tissues into solutions, causing the loss of tissue's morphological
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classifications or distinguishing primary and metastatic tumors.

information.’ A non-destructive analytical method that can
provide in situ comprehensive molecular signatures of the TME
is highly required for the precision diagnosis of cancer.

Raman spectroscopy represents a biocompatible detection
tool that provides unique vibrational bands for target mole-
cules." However, the extremely weak Raman signals of native
biomolecules make this technique difficult for direct profiling
of the TME molecular vibrations in situ. Surface-enhanced
Raman scattering (SERS) has been proven to be a powerful
strategy for enhancing the Raman scattering of a molecule
when it is brought in close proximity to a metallic nanoparticle
surface.””? The detection sensitivity of SERS can be down to
single-molecule levels.***” Thus, SERS has been utilized to
analyze the molecular vibrations of different tissue types by
coating the tissue surfaces with metal nanoparticles.”® However,
Raman signals on these tissues are “always-on”. As a result, it is
rather difficult to directly discriminate the molecular vibrations
between cancer and healthy tissues since they possess similar
chemical compositions. There is lacking a strategy that can
selectively amplify the biomolecular vibrations of tumor tissues
in situ for precision cancer diagnosis.

Herein, we report a stimulus-responsive SERS (referred to as
SR-SERS) probe, which functions like a Trojan horse, to
specifically augment the vibrational signals of the TME for
precision molecular diagnosis of cancer. This TME-specific
SERS probe is designed based on a manganese dioxide-
encapsulated gold nanoparticle (Au@MnO, NP, abbreviated as
AM NP) core-shell structure. The AM NPs were assembled using
a polyethylene glycol (PEG) layer to minimize non-specific
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protein adsorption in physiological environments. When the
PEGylated AM NPs are introduced into the blood circulation,
the PEG and MnO, shells isolate biomolecules from interacting
with the Au NP core, thus turning off the SERS signals of the
probe (Fig. 1a). After accumulation into the tumors by the
enhanced permeability and retention (EPR) effect,” the AM NPs
can be decomposed into the naked Au NPs and Mn>" in the
presence of acidic pH/H,O, species that are abundant in the
TME. The freshly-exposed Au NPs are adsorbed by the native
biomolecules, thus amplifying their Raman signals remarkably
in situ. At the same time, the released Mn?** offers intense T;-
weighted magnetic resonance (MR) signals to report the loca-
tion and morphological information of the TME. The proposed
SR-SERS probes were applied to determining the margin
between tumor and normal tissues with high accuracy. Further,
we employed the SR-SERS technique to differentiate the overall
molecular fingerprints of tumors in different growth stages.

Results and discussion
Synthesis and characterization

The AM NPs were synthesized with a simple in situ growth
method, in which Au NPs were prepared as the core, followed by
depositing MnO, shells. KMnO, and poly(allylamine hydro-
chloride) (PAH) act as the manganese source and reducing
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agent, respectively.*® The dosages of KMnO, and PAH were
optimized to obtain a core-shell spherical structure (Fig. S17).

We next characterized the as-obtained AM NPs with different
analytical tools. The morphology of the AM NPs was first char-
acterized by high-resolution transmission electron microscopy
(HRTEM). Fig. 1b reveals that the AM NPs possess uniform
core-shell structures with an Au core (54 = 5 nm in diameter)
wrapped by a MnO, shell with a thickness of 24 + 2 nm. The
core-shell structure of AM NPs was confirmed by energy-
dispersive X-ray spectroscopy (EDS) mapping (Fig. 1c). The
UV-vis spectra of the Au NPs, MnO, NPs, and AM NPs were
recorded subsequently. The two typical absorption peaks of AM
NPs at 380 and 595 nm are overlapped with the surface plasmon
bands of MnO, and Au NP cores, respectively (Fig. 1d), vali-
dating the formation of AM NPs. X-ray photoelectron spectros-
copy (XPS) was further employed to analyze the chemical
composition of AM NPs. As shown in Fig. S2,7 the O 1s spectrum
has two peaks centered at 529.7 and 531.5 eV, which correspond
to O 1s binding energies in the anhydrous compounds (Mn-O-
Mn) and hydrated manganese (Mn-O-H) respectively. The
binding energies for Mn 2p;,, and Mn 2p;, are calculated to be
653.9 and 642.6 eV, respectively; while those for Au 4f;,, and Au
4fs,, are 83.9 and 87.6 eV, respectively.** The loss of the SERS
effect of AM NPs was assessed by incubating with Raman dyes
and compared to that of the naked Au NPs. When the AM NPs

Q Aune

®
© Amne
-
« PEG
SERS Turn-on ¢
MRI Turn-on @ &

o

ah .
@ Biomolecule

(| SERS Turn-off
MRI Turn-off

' Tumor cell

d
1.2 MnO2NPs
——AM NPs
8 0.9 ——Au NPs
s
Los6
o
17
2034
0.0

400 500 600 700
Wavelength (nm)

Fig.1 Schematic illustration of the SR-SERS strategy and characterization of the AM NPs. (a) The design of the “Trojan horse” strategy based on
SR-SERS for molecular diagnosis of cancer. The abundant H,O,/H™ species in the TME trigger the release of Mn?* and the naked Au NPs, which
serve as T; contrast agents for MRl and SERS substrates to amplify the vibrational fingerprints of the native biomolecules in the tumor,
respectively. (b) HRTEM image of AM NPs. (c) HAADF-STEM image of AM NPs and the EDX elemental mapping of the Au core, MnO, shell, and the
merged image. (d) UV-vis spectra of Au NPs, MnO, NPs, and the AM NPs.
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were incubated with rhodamine 6G (R6G, 0.2 pM), no Raman
signals can be detected; while the naked Au NPs (~55 nm in
diameter) can enhance the intensity of the same concentration
of R6G for more than 4 orders of magnitude (Fig. S31). This
result implies that the MnO, shell can inhibit the SERS effect of
the Au NP core on the free dyes.

To enhance the stability and biocompatibility of the yielded
AM NPs, the NP surfaces were wrapped with PEG chains via
a layer-by-layer coating strategy (Scheme S17). The PEG coating
was characterized by Fourier-transform infrared spectroscopy,
which shows the characteristic C-O-C bands (1179 ecm %) of
PEG in the spectrum (Fig. S47). The zeta potential of the AM NPs
was determined to be 5.1 mV due to the presence of amino
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Chemical Science

groups in PAH, and the NPs became negatively charged after
functionalization with polyacrylic acid (PAA) and NH,-PEG
(Fig. S57). DLS analysis indicates that, before and after modifi-
cation with PEGs, the average hydrodynamic diameters of AM
NPs were measured to be 106 and 140 nm, respectively
(Fig. S67). All the characterization experiments confirmed the
formation of AM NPs as well as those coated with PEGs.

Acidic pH/H,0,-dependent AM NP decomposition

The specific decomposition of the MnO, shells was visualized
by the naked eye, accompanied by the change of UV-vis
absorption spectra in different media. It is well known that

30 min
——1: AuNP b -
a 1 2 %3 4 — 2:mno.NP pH
151 ” ——3:AMNP T
o ——4: AM NP(pH 6.5 + H202)
2 . i
81.04 Q,
° - -
-g +
-
< ~
0.5+ T
Q 100 nm.
)
=
0.0 T T T N +
400 500 600 700 0
Wavelength (nm) =4
e -
C Water 0.02 004 006 008 0.1mM d -
25 v pH 6.5+ H202
®1 o pHES
pH7.4 4 pH 7.4+ H202
20l = pHT7a4
PH7.4+H,0, »© 4] r=11.97mm" s™
£ r=081mm"'s™
pH 6.5 1.0 rn=034mM's™
rn=011mm"'s"
05 B e
PH 6.5 + H,0,
0.00 0.05 0.10 015 0.20
[Mn] (mM)
e 6000 —— NADH (pH 6.5 + H202) —— Phe (pH 6.5 + H202)
—— BSA (pH 6.5 + H202) 6000
| BsA(pH7.4) 30001 NADH (pH 7.4) —— Phe (pH 7.4)
] 2
%~ 4000 %‘ 2000, 3 400
§ | $ $
€ 2000 £ 1000 £ 2000
e e S ee—— B
800 1000 1200 1400 1600 1800 800 1000 1200 1400 1600 1800 800 1000 1200 1400 1600 1800
Raman Shift (cm™) Raman Shift (cm”) Raman Shift (cm™)
240001 __ &y, (pH 6.5 + H202) —— DNA (pH 6.5 + H202) 3200{—— ATP (pH 6.5 + H202)
——Glu (pH 7.4) 6000{—— DNA (pH 7.4) —— ATP (pH 7.4)
2 16000 & > 2400
2 £ 4000 B 1600
[ 8 c
T 8000 £ 2
= 2000 £ 800
0 o —— - 0
800 1000 1200 1400 1600 1800 800 1000 1200 1400 1600 1800 800 1000 1200 1400 1600 1800

Raman Shift (cm™)

Raman Shift (cm™)

Raman Shift (cm™)

Fig. 2 Characterization of the acidic pH/H,O,-responsive AM NPs and SERS/MR turn on ability. (a) UV-vis spectra and corresponding color of
the solutions containing Au NPs, MnO, NPs, AM NPs, and the AM NPs decomposed by the acidic pH/H,O, solution (pH 6.5, H,O,: 100 uM). (b)
TEM images of AM NPs before and after treatment with acidic buffer solution (pH 6.5), neutral pH/H,O solution (pH 7.4, H,O,: 100 pM) or acidic
pH/H,O, solution (pH 6.5, H,O,: 100 uM) for 5, 10, and 30 min. (c) T;-Weighted MR imaging and the corresponding T; relaxation rates (ry) (d) of
varying concentrations of AM NPs in solutions with different pH values (pH 6.5 and 7.4) in the absence or presence of H,0O, (0.5 mM). (e) Raman
spectra of various biomolecules in AM NP solutions (0.6 nM) that were pretreated with an acidic pH/H,O, mixture and compared to those
pretreated with pH 7.4 buffer. All the spectra were collected with a confocal Raman spectrometer using 633 nm (3 mW) laser excitation. Data
acquirement time, 10 s. 7 different sets of SERS spectra were recorded for each kind of biomolecule (in gray), while the average spectra for the
activated and silent signals are displayed in red and blue, respectively.
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the TME is characteristic of acidic pH (6.2-6.9) and high-level
H,0, (~100 pM),** which possess high reactivity with MnO, to
release Mn”*. As shown in Fig. 2a, when the AM NPs were
immersed in acidic pH/H,0, solution (pH 6.5, H,O,: 100 uM),
the color of the solution changed from dark-green to red in
5 min. In parallel, the absorption peak at 380 nm disappeared,
along with the appearance of an absorption peak at around
550 nm that is assigned to the 55 nm naked Au NPs (Fig. S77).
The changes of both solution color and corresponding UV-vis
spectra indicate the rapid decomposition of the MnO, shells
and the production of the naked Au NPs. In contrast, the UV-vis
absorption spectra of AM NPs showed a trivial change in either
H,0, solution or pH 6.5 buffer solution in 30 min (Fig. S8%). The
TEM images further demonstrated the entire decomposition of
the MnO, shells after treatment with acidic pH/H,0, solution
for 30 min (Fig. 2b). However, the core-shell structures of AM
NPs still kept intact after treatment with acidic solution alone or
neutral pH/H,0, solution. These results demonstrate that the
MnO, shells of AM NPs can be specifically decomposed by the
synergistic effect of H" and H,0,. The reaction between MnO,
and H,0, produces the intermediate Mn-oxo-hydroxide
(MnOOH), which reacts with H" to generate Mn** and 0,.%%-®
The following reactions illustrate the acidic pH/H,O,-triggered
hydrolysis of the MnO, shell:

2MnO, + H,0, — 2MnOOH + O, (1)
2MnOOH + 4H" + H,0, — 2Mn*" + 4H,0 + O, (2)
2MnOOH + 2H" — MnO, + Mn** + 2H,0 (3)

MnO, + H,0, + 2H" — 0, + Mn** + 2H,0 (4)

Acidic pH/H,0,-activated turn-on MRI of AM NPs

Since Mn?" is an excellent 7; MR contrast agent,* we observed
the concentration-dependent brightening effect of AM NPs for
Ti-weighted MR imaging in the acidic pH/H,O, solution,
whereas the MR contrast effect under the other three conditions
appeared to be much weaker (Fig. 2c). The enhanced T signal
intensities of these samples were quantified by calculating the
T, relaxivity (r,). Fig. 2d shows that the r; of the AM NPs was as
high as 11.97 mM ™" s~ " in the acidic pH/H,O, solution owing to
the decomposition of MnO, shells into the paramagnetic Mn>*.
In contrast, the r; values of the AM NPs under the other
conditions were much smaller (0.11-0.81 mM ' s~ '). These
results indicated the superior acidic pH/H,0,-activated MR
imaging ability of the AM NPs.

Acidic pH/H,0,-activated Raman enhancement of AM NPs

To verify the SR-SERS effect of AM NPs in vitro, the AM NPs (0.02
nM) were pretreated with acidic pH/H,0, solution or neutral
buffer solution (as control) for 30 min and centrifuged to 0.6 nM
(6000 rpm, 2 min) and then incubated with several kinds of
common biomolecules including bovine serum albumin (BSA,
12 mg mL 1), nicotinamide adenine dinucleotide (NADH, 1 mg
mL™"), phenylalanine (3 mg mL "), glucose (12 mg mL™ '),
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nucleic acid (TCCATGACGTTCCTGACGTT, 0.3 mg mL '), and
ATP (5 mg mL™ ") respectively at their optimized concentrations.
The Raman fingerprint signals of the biomolecules were
dramatically enhanced after incubation with AM NPs which had
been pretreated with acidic pH/H,O, solution (Fig. 2e). Under
the same spectral recording conditions, all the biomolecules
remained silent when they were incubated with AM NPs pre-
treated with pH 7.4 buffer alone. The results imply that the AM
NPs are able to report the comprehensive Raman fingerprints of
biomolecules after decomposition of the MnO, shells to release
the naked Au NPs in the TME.

TME-activated MR imaging and SERS detection in vivo

Encouraged by the acidic pH/H,O,-responsive MR and SERS
effects in vitro, we then evaluated the feasibility of PEGylated
AM NPs for TME-activated MR imaging and SERS detection in
vivo. After intratumoral injection of the PEGylated AM NPs (100
uL, 1 mg mL '), the MR signals of the tumors became intense
(Fig. S9a-ct). As a comparison, when the same amount of
PEGylated AM NPs was injected into normal subcutaneous
tissues, the MR signals had no noticeable change. This obser-
vation suggests that the AM NPs possess outstanding contrast
effects resulting from the rapid, specific decomposition of
MnO, shells into Mn?" in the tumor sites. Besides, the Raman
intensity of tumor tissues was much higher than that of normal
tissues after treatment with the PEGylated AM NPs, which was
attributed to the exposure of the naked Au NP cores to the TME
that dramatically amplified the Raman signals of the native
biomolecules (Fig. S9df). However, the Raman signals in the
normal tissue were virtually undetectable, most likely due to the
inertness of the AM NPs in the neutral environments. These
results indicate that the PEGylated AM NPs may allow tumor-
specific turn-on MR imaging and label-free SERS detection.

The superior TME responsiveness of the dual turn-on MRI/
SERS probes via intratumoral injection motivated us to
explore the MRI and SERS performance in vivo. 200 uL of 1 mg
mL ™" PEGylated AM NP solution was intravenously injected
into a tumor-bearing mouse, and then the specific MR images
were collected using a 3.0 T clinical MRI scanner. T; contrast
enhancement of the tumor was observed gradually after intra-
venous injection (Fig. 3a and b). The highest enhancement of
MRI signals was found at 4 h post-injection. These results
demonstrated the excellent activated MR imaging capability of
the PEGylated AM NPs in tumors. The TME-activated MRI holds
great promise for monitoring the location and morphology of
tumors with high spatial resolution.

TME-activated SERS detection ex vivo

To study the comprehensive SERS fingerprinting signatures of
the native biomolecules in the tumor sites, the probe-
administered mice were sacrificed at 4 h post-injection.
Subsequently, the tumors and surrounding normal tissues
were cut out, then sliced and fixed on glass slides. The Raman
spectra and mapping images of the tissue slices were recorded
using a confocal Raman microscope in a non-invasive fashion.
Fig. 3c shows that the Raman signals of the native biomolecules

This journal is © The Royal Society of Chemistry 2020
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In vivo MRI and ex vivo imaging of the TME using the SR-SERS strategy. (a) The photo of a tumor-bearing mouse that was intravenously

injected with PEGylated AM NPs (200 pL, 1 mg mL™). (b) MR imaging of the tumor model after intravenous injection with PEGylated AM NPs (200
ul, 1 mg mL™Y at different time points and corresponding quantitative T;-weighted MR signals of the tumors derived from six different mice
(error bars). (c) Raman spectra of the native biomolecules in the tumor and the surrounding normal tissues (n = 35) after intravenous injection
with the PEGylated AM NPs. The spectra were recorded using 633 nm (3 mW) laser excitation (acquirement time 8 s), while the mean spectra for
the tumor and normal signals are displayed in red and blue, respectively. (d) Raman mapping images that were recorded via 6 channels, which
correspond to the bands at 662, 747, 1000, 1173, 1250, and 1444 cm™ respectively. (e) Bright-field image of the tissue and that merged with the

multiple Raman mapping channels in (d). (f) H&E-staining image of (e) scale bars: 10 um.

in the tumor tissues were much higher than those in the
surrounding normal tissues. Based on this observation, we
attempted to determine the boundary between the tumor and
normal tissues by means of Raman mapping. Accurate delin-
eation of the margin between tumors and normal tissues is
extremely important for tumor resection in the clinic.*>*
Through mapping the tissues with multiple channels that are
assigned to various native biospecies in the tumors (Fig. 3d),
strong Raman signals can be observed in the tumor site but are
undetectable in the neighboring normal tissues, providing
a very clear boundary between the tumor and normal tissues
(Fig. 3e). Impressively, the boundary delineated by Raman
mapping correlated well with that determined by hematoxylin
and eosin (H&E) staining (Fig. 3f). In contrast, if no probes were
administered, the Raman intensities of the native biomolecules
in both tumor and the surrounding normal tissues appeared to
be quite weak, and no boundary was observed between the two
types of tissues (Fig. S10t). These results verified the specific
Raman enhancement effect of the PEGylated AM NPs towards

This journal is © The Royal Society of Chemistry 2020

tumors. The TME-specific comprehensive molecular profiling
ability of the SR-SERS probe makes it promising for precision
cancer diagnosis. Additionally, the TEM images in Fig. S117
show that the AM NPs were decomposed into naked Au NPs in
the tumor tissues, confirming the TME-triggered SERS of the
native biomolecules.

We further wanted to apply the PEGylated AM NPs to
discriminating the Raman fingerprints of primary tumors with
different growth periods, where the early growth group was less
than 4 days and the late growth group was more than 14 days
after transplantation of tumor cells. Fig. 4a shows that the T;-
weighted tumors at different growth periods exhibit spectral
changes in specific bands (Fig. 4b and c), indicating the diverse
expression and distribution of the native biomolecules in
tumors at different growth periods. Note that the mean spectra
for each tumor at different growth periods were obtained from
420 spectra randomly chosen in different tumor slices. In detail,
the Raman peaks at 747, 855, 941, 1173, 1250, 1300, 1365, 1396,
1444, 1579 and 1657 cm ' showed distinctive changes in

Chem. Sci., 2020, 1, 6111-6120 | 6115
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Fig. 4 MR imaging, Raman spectroscopic detection, and metabolomics study of primary tumors in different growth stages. (a) MR images of
tumors in different growth stages after intravenous injection with PEGylated AM NPs (200 uL, 1 mg mL™) for 4 h. (b) The mean Raman spectra of
the tumors in different growth stages. The spectra for each tumor at different growth periods were recorded from seven parallel tumor-bearing
mice. Each tumor was cut into multiple layers of slices with a thickness of 10 pm, where the Raman spectra from three slices collected near the
middle of tumors were recorded. The average spectra of 20 different single spectra were randomly recorded from each tumor slice using 633 nm
(3 mW) laser excitation (acquirement time 8 s). Thus, the mean spectra for each tumor at different growth periods were collected from 420
different spectra. Blue, amino acids or proteins; red, carbohydrates; yellow, fatty acids; purple, nucleic acids or nucleotide; and green,
metabolites. (c) SERS intensity ratios of peaks at 1444 and 1000 cm™! for the tumor tissues in different growth periods, which correspond to the
expression ratios of fatty acids and phenylalanine (p < 0.001). (d) PCA of the Raman spectral distribution of the tumor tissues at different growth
periods in PC1-PC2. (e) Heat map for the ratios of fatty acid-to-phenylalanine for the tumors in different growth stages that were detected by gas
chromatography-time-of-flight mass spectrum (GC-TOF/MS). The MS data were collected from six parallel samples of the tumors in the two

groups. (f) PCA analysis of metabolites of the primary tumor tissues in different growth periods.

spectral intensity (Table 1).**** Among them, the peaks at 855
and 941 cm ™' are assigned to carbohydrates (red bars);**” the
peaks at 1300, 1444 and 1657 cm ™" belong to fatty acids (yellow
bars);** and the peaks at 747, 1173, and 1365 cm ™! are related to
lactic acids, urea, and creatinine, respectively (green bars).**->*
After comparing the Raman spectra of tumors in the two
groups, we found that the intensity ratios of the peaks at 1444
and 1000 cm~ ' have a significant difference. In detail, the
intensity ratio in the early growth stage was much higher than
that in the late growth stage (p < 0.001), which may be linked to
the differences in the energy metabolism of the tumors in
different growth stages. As shown in Fig. S12,7 the SERS spectra
of phenylalanine and two types of fatty acids (oleic acid and
stearic acid) were determined; the spectra further demonstrated

6116 | Chem. Sci, 2020, 1, 6111-6120

the Raman peaks at 1000 and 1444 cm ™' related to phenylala-
nine and fatty acids respectively.

We further made use of principal component analysis (PCA)
to classify the Raman spectra of the tumors in different growth
stages. PCA is a statistical tool that compresses complex
multivariate data into fewer dimensions, by which an overview
of data is illustrated in a two- or three-dimensional plane. The
distribution of the Raman spectra among the tumors in
different groups is illustrated in the PC1-PC2 subspace
(Fig. 4d). The results show that the most Raman spectra of the
tumors in the two groups could be distinguished. These
observations suggest that the new SR-SERS technique has the
potential to differentiate the molecular fingerprints of tumors at
different growth periods.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Assignment of SERS spectral bands in Fig. 4b

Shift (cm™') Component SERS band assignment

662 Protein C-S stretching mode of cysteine
747 Metabolite Lactic acid

795 Protein L-Serine

827 Protein Tyrosine

855 Carbohydrates Monosaccharides and disaccharides
941 Carbohydrates C-O-C

1000 Protein Phenylalanine

1103 Protein Amide III and other groups

1173 Metabolite Urea

1250 Nucleic acid ~ Guanine, cytosine (NH,)

1300 Fatty acid CH, twisting modes

1335 Protein CH;CH, wagging

1365 Metabolite Creatinine

1396 Nucleic acid  Inosine

1444 Fatty acid CH, bending mode

1579 Nucleic acid  Ring breathing modes in the DNA bases
1605 Protein Phenylalanine

1657 Fatty acid y(C=C)

To validate the Raman intensity ratio changes of tumor
tissues analyzed by the SR-SERS probes, a metabolomics study
was carried out with the same set of samples by gas
chromatography-time-of-flight mass spectrum (GC-TOF/MS)
(Fig. 4e). The results of fatty acid/phenylalanine changes ob-
tained from the metabolomics were consistent with the semi-
quantitative SR-SERS results. Therefore, the ratio of fatty acid-
to-phenylalanine has great potential to serve as an indicator
for growth stages of primary tumors particularly in the early
growth stages. Furthermore, the PCA analysis of the metabolites
in the tumors at different growth stages (Fig. 4f) indicated
tremendous differences, which was similar to the Raman
profiling results.

Biodistribution of PEGylated AM NPs in vivo

To study the biodistribution of the PEGylated AM NPs in vivo,
the tumor and major organs (heart, liver, spleen, kidney and
brain) of the mice (n = 7) that had been treated with PEGylated
AM NPs were collected at different time points (4 h, 1 day and 7
days) post-injection. After digestion in aqua regia, the tissue
samples were analyzed by ICP-OES. The results in Fig. S137
showed that the majority of the Au elements accumulated in the
liver and spleen within 4 h and 1 day. The elemental Au was also
enriched in the tumor, heart, and kidney at 4 h post-injection,
while no detectable Au elements were taken up by the brain.
After 7 days, the Au amounts distributed in the organs
approached that of the control. On the other hand, the Mn
uptake in the kidney and liver was significantly high at 4 h post-
injection, and a considerable amount of Mn was also accumu-
lated in the tumor, heart, and spleen, while there was still no
Mn uptake in the brain. One day later, most of the Mn elements
were cleared out from the organs except for the kidney, which
may correspond to the renal metabolism of the Mn ions. After 7
day post-injection, the Mn levels in all the organs declined to
that of the control, indicating that the Mn elements had been
cleared out completely. These results implied that the
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PEGylated AM NPs can be metabolized and cleared out from the
body in one week.

Assessment of in vivo toxicity

We finally evaluated the chemical stability and biocompatibility
of PEGylated AM NPs. The TEM images show that the core-shell
NPs kept intact after incubation in the freshly-collected mouse
serum for 4 h (Fig. S141). The biocompatibility of the NPs was
estimated by measuring the body weight, H&E analysis of major
organs and biochemical analysis of blood of the mice that were
intravenously injected with the PEGylated AM NPs (200 pL, 1 mg
mL ™). The body weight of the mice increased gradually with
the growth of the mice, showing no discernible difference with
the control group in 30 days (Fig. S151). Besides, H&E analysis
results indicated that there was no visible tissue damage in the
major organs (heart, liver, spleen, lung, kidney, brain, and
thymus) of the mice after the treatment with the nanoparticle
probes (Fig. 5a). The biochemical analysis results show that
most of the parameters in the AM NP-treated group had similar
levels to those of the control group after one-day post-injection,
except for AST and ALT whose levels were elevated (Fig. 5b).
However, the levels of AST and ALT declined to that of the
control group on the 7™ day, while other parameters in the
experimental group remained persistent during the NP
treatment.

Since the cytotoxic effect of the AM NPs on the immune system
can be reflected by the change of the immune cells in the blood, we
counted the immune cells after intravenous injection of the NPs.
In detail, after injection of the PEGylated AM NPs, the blood of the
mice (n = 7) was collected at different time points for counting the
immune cells including lymphocytes, monocytes, and neutrophil
granulocytes. As shown in Fig. 5¢, the numbers of the three types of
cells on the 1% and 7™ day post-injection were approximate to
those of the control group. Besides, the peripheral mononuclear
cells including lymphocytes and monocytes were isolated from the
blood for apoptosis analysis by fluorescent-activated cell sorting
(FACS). Fig. 5d shows that only a few numbers of cells in the early
apoptosis (FITC-labeled) or necrosis (PI-labeled) were detected
within both 4 h and 1 day, which are comparable to that of the
control without any treatment. These results revealed that the
PEGylated AM NPs had no apparent adverse effect on the immune
cells.

To further verify the neurotoxicity of the PEGylated AM NPs,
brain sections from the mice treated with the NPs were analyzed
with a TUNEL (TdT-mediated dUTP nick end labeling) staining
kit (Roche). The fragmented DNA could be stained through
labeling the 3’-hydroxyl termini. Thus, apoptotic cells in the
brain sections would be labeled in green. Fig. S167 reveals that
no obvious TUNEL-positive cells appeared in the brain tissues
of the mice intravenously injected with PEGylated AM NPs for 1
and 7 days, which was similar to the control group. The result
demonstrates that the PEGylated AM NPs possess negligible
neurotoxicity. All of the preliminary in vivo toxicity results
revealed that the PEGylated AM NPs have excellent biocom-
patibility, which is crucially important to their biological and
biomedical applications.
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Fig. 5 In vivo toxicity evaluation of the PEGylated AM NPs. (a) Histopathological results of different organs in the mice after they were intra-
venously injected with PEGylated AM NPs (200 pL, 1 mg mL™) for 1 and 7 days and that without any treatment. Scale bar, 100 um. (b) The blood
levels of the liver function markers (AST, ALT, ALB, T-Bil, D-Bil, GGT) and the kidney function markers (BUN, CR, UA) in the mice treated with and
without PEGylated AM NPs (200 pL, 1 mg mL™?) for 1 and 7 days. (c) Cell counting of lymphocytes (Lymph), monocytes (Mon) and neutrophil
granulocytes (Gran) from the peripheral blood of mice intravenously injected with PEGylated AM NPs (200 pL, 1 mg mL™3 for 1 and 7 days and
that without any treatment was set as control. Error bars represent the standard deviations between seven parallel mice. (d) Flow cytometry
analysis for measuring the apoptotic peripheral blood mononuclear cells collected from the mice exposed to the PEGylated AM NPs (200 pL,

1 mg mL™Y) for 4 h and 1 day. The peripheral blood mononuclear cells of the mice without any treatment were set as control.

Conclusions

In summary, we have developed a powerful yet biocompatible
“Trojan horse” SR-SERS nanoprobe to augment the vibrational
fingerprints of tumors in situ for precision molecular diagnosis
of cancer. The proposed SR-SERS strategy is, to our knowledge,
the first approach that is capable of profiling the molecular
fingerprints of tumor tissues selectively without destruction of
the samples. The “Trojan horse” SR-SERS approach shows at
least two advantages over traditional molecular diagnostic
tools. First, the SR-SERS probes can only be activated by the
TME while remained silent in other tissues, thus showing
extremely high specificity to tumors. Second, the TME-triggered
exposure of the naked Au NPs to native biomolecules could
significantly amplify their overall Raman fingerprints to offer
comprehensive molecular information, rather than to provide
fragmented information as traditional molecular profiling
approaches do. The high specificity of the SR-SERS probes in

6118 | Chem. Sci, 2020, 11, 611-6120

the TME made this new technique extremely potent in delin-
eating the margin between tumors and healthy tissues, which
may greatly facilitate precision tumor resection. Furthermore,
the TME-responsive SERS spectra of tumors in different growth
stages provided useful information that may reveal molecular
changes of energy metabolism and genetic mutants in the
process of tumor development, showing great potential in
studying tumor growth, differentiation, and migration espe-
cially in combination with the Mn**-based MRI. Impressively,
the molecular profiling results showed that fatty acid/
phenylalanine is a promising indicator of primary tumors in
different growth stages.

To achieve diagnostic recommendations in clinical settings,
long-term biosafety of the PEGylated AM NPs should be
demonstrated with large data. To demonstrate the easy gener-
alizability of the “Trojan horse” strategy as a cancer diagnostic
tool, we plan to bring this technique into profiling molecular
signatures in tumor classifications as well as those under

This journal is © The Royal Society of Chemistry 2020
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different treatments. To minimize the amount of SR-SERS
probes used for cancer diagnosis, we will focus on the
enhancement of SERS sensitivity by using anisotropic nano-
particles such as nanocubes, nanorods, nanostars, nano-
triangles, and core/satellite nanoparticles, to name a few,
because such nanostructures show much more intense field
enhancements for SERS than single spherical nanoparticles.>*’
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