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ABSTRACT: The development of a theragnostic platform
integrating precise diagnosis and effective treatment is
significant but still extremely challenging. Herein, an integrated
smart nanodevice composed of Au@Cu, S@polydopamine
nanoparticles (ACSPs) and fuel DNA-conjugated tetrahedral
DNA nanostructures (fTDNs) was constructed, in which the
ACSP nanoprobe played multiple key roles in antitumor
therapy as well as in situ monitoring of microRNAs (miRNAs)
in cancer cells. Regarding the analysis, the ACSP probe
contained two optical properties: excellent surface-enhanced
Raman scattering (SERS) enhancement and high fluorescence
(FL) quenching performance. Employing the ACSPs as the

HE ..

SERS .I

high-efficiency detection substrate combined with the fTDN-assisted DNA walking nanomachines as the superior amplification
strategy, a SERS-FL dual-spectrum biosensor was constructed, which achieved an ultralow background signal and excellent
sensitivity with detection limits of 0.11 pM and 4.95 aM by FL and SERS, respectively. Moreover, the rapid FL imaging and
precise SERS quantitative detection for miRNA in cancer cells were also achieved by dual-signal ratio strategy, improving the
accuracy of diagnosis. Regarding the therapeutic application, due to the high reactive oxygen species generation ability and
excellent photothermal conversion efficiency, the ACSPs can also act as an all-in-one nanoagent for multimodal collaborative
tumor therapy. Significantly, both in vivo and in vitro experiments confirmed its high biological safety and strong anticancer

effect, indicating its promising theragnostic applications.

KEYWORDS: dual-spectrum assay, DNA walking nanomachine, in situ imaging, all-in-one nanoagent, synergetic therapy

t present, cancer is one of the most serious threats to
Ahuman health, and the number of cancer cases is still

increasing." Accurate diagnosis and efficient therapy of
tumors at their earliest stages are of great 51gn1ﬁcance to
improve the cure rate of tumors. >3 MicroRNA (miRNA), as a
promising biomarker, plays an important role in the regulation
of tumor-associated genes.*”” Its aberrant expression might
provide valuable information for the occurrence and
progression of multiple cancers.”” Therefore, the reliable
analysis of miRNA is crucial for clinical diagnosis, targeted
therapy, and prognosis monitoring. In situ bioimaging and
detection of miRNAs in single living cells have been
increasingly used to elucidate the spatiotemporal distribution
information on miRNAs and monitor tumor treatment
progress.'°~"> However, there are still serious challenges to
accurately detect intracellular miRNA due to the complex
tumor environment and the extremely low abundance of
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miRNAs in tumor cells. In recent years, surface-enhanced
Raman scattering (SERS) has received great attention due to
its advantages of high sensitivity, “fingerprint” signatures, low
phototoxicity, resistance to photobleaching, and in situ
detection.””™"* Particularly, there is low autofluorescence in
the red to near-infrared region of the electromagnetic spectrum
and high signal enhancement based on the localized surface
plasmon resonance (LSPR) effects of noble metal nanoma-
terial, which make SERS an appealing diagnostic tool for
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Scheme 1. Schematic of Ratiometric Dual-Spectrum Assay of MicroRNA and Multimodal Collaborative Tumor Therapy”
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“(A) Design of the fTDN-assisted DNA walking nanomachine for simultaneous ratiometric SERS-FL assay of miRNA-21. (B) Illustration of the
developed nanodevice for miRNA detection and imaging in live cells and ACSPs-mediated multimodal synergistic therapy.

biological analysis in live cells.'*™"? Nevertheless, SERS
imaging analysis at the single-cell level still has some
limitations, such as low imaging speed, dependency on an
enhancement substrate, and complex biological background
interference, which seriously restrict the further application of
the SERS technique. Fortunately, compared with SERS,
fluorescence-based assays could provide reciprocal signals
and higher spatiotemporal resolution, despite their low
sensitivity.20 Alternatively, ratiometric measurements are
capable of self-calibration by recording the ratio change of
two measurable signal intensities, effectively mitigating
environmental interference and false positive signals.”'~>
Thus, the combination of the ratiometric strategy and SERS-
fluorescence double spectra imaging technology could achieve
faster positioning, more precise detection, and more diagnostic
information by integrating the advantages of different single
modes. This sensing platform could be a trend-setting analysis
technique. Ye ef al. developed a seesaw ratiometric probe for
the sensitive detection of telomerase activity in a single living
cell using a dual-spectrum.”* However, in many cases, the
amount of miRNA in the tumor cells was below the detection
threshold of effectively triggering the sensing probe. It is highly
imperative to develop a powerful intracellular signal
amplification method for the dynamic monitoring of miRNA.
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Dynamic DNA nanomachines could implement biological
computing, transmission signals, and particular mechanical
operations based on Strict Watson—Crick base pairing rules.
The high specificity and programmability of hybridization
make DNA nanodevices a compelling tool for signal
amplification and logical assembly. A variety of DNA
nanomachines, such as DNA tweezers,”> DNA robots,*®
molecular motors,”” and DNA walkers,”®* > have been
constructed and applied to biological analysis. Among these
nanomachines, the DNA walker, as an attractive signal
enhancement circuit, has received great attention. Activated
by a target molecule, the DNA walker can automatically move
along a predesigned track driven by DNAzymes, nicking
endonuclease, and strand displacement.”® Signal amplification
and functional biological operation are achieved with
alternating responses and reversible interactions. In particular,
the three-dimensional (3D) walking nanomachines assembled
into external nanoparticles are favorable in terms of signal
enhancement due to the greater mobility and load capacity.
These nanomachines have been further adapted in the
biosensing and imaging of low-abundance biomolecules.””*’
However, to the best of our knowledge, the combination of a
3D DNA walker with the ratiometric SERS-fluorescence dual
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Figure 1. Synthesis and characterization of nACSPs. (A) Ilustration of the nACSPs synthetic process. TEM images of AuNPs (B), ACSNs
(C, inset shows the HRTEM images of ACSNs) and ACSPs (D). Scale bar: 50 nm. (E) Elemental mapping of Au, Cu, S of ACSNs. (F) XRD
patterns of ACSPs (the standard lines of Au, CuS and Cu,$ are supplied for comparison). (G) The ¢ potential and hydrodynamic diameter of
ACSPs. (H) UV—vis-NIR spectra of AuNPs (a), Cu,_.S (b), ACSNs (c), and ACSPs (d). (I) Raman spectra of CyS (a), AuNPs-H1 (b),
ACSNs-H1 (c), ACSPs-H1 (d), and ACSPs-H1 after 7 days (e), respectively (excited with a 633 nm laser). (J) Electromagnetic field
distribution of ACSPs obtained by FDTD simulation at 633 nm. Scale bar: 50 nm.

mode platform for the sensitive detection and imaging of
miRNAs in living cells has not been reported.

A theragnostic platform integrating diagnostic and ther-
apeutic functions has been the focus of current research. The
main therapies include surgery,”’ chemotherapy, radiotherapy
(RT), photothermal therapy (PTT),” gene therapy (GT),”
and reactive oxygen species (ROS)-mediated oncother-
apy.”*7*° Among these therapies, PTT and ROS-mediated
treatment have attracted widespread attention due to their
non-invasive nature, deep penetration, high efficiency, and few
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side effects.”” Plasmonic copper sulfide with numerous copper
deficiencies (Cu,_,S) has attracted wide attention because of
its NIR-induced photothermal properties and its ability to
generate sufficient ROS in biological media.**™*° In addition,
Au@Cu,_,S dual plasmonic nanoprobes possess SERS and
photothermal enhanced effects due to localized surface
plasmon resonance (LSPR) coupling.""** However, the
addition of stabilizers during the material preparation process
makes these nanoprobes difficult to postmodify and function-
alize, limiting diagnostic application. Moreover, due to the low
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redox potential of Cu®*/Cu, the free copper ions generated by
the Cu,_,S-based nanosystem in the circulation may cause
damage to healthy tissues.*’~* Therefore, it is still a significant
challenge to develop an all-in-one nanosystem with multimodal
imaging and synergistic therapeutic effects for simultaneous
precision monitoring and cancer treatment. Herein, we
fabricated an integrated smart nanodevice for accurate
diagnosis of intracellular miRNA and synergetic therapy of
tumor cells, in which Au@Cu,_ S@polydopamine nano-
particles (ACSPs) played dual key roles in tumor therapy
and in situ SERS-FL monitoring. On the one hand, an
ultrasensitive ratiometric dual-spectrum assay platform based
on tetrahedral DNA assistant walker amplification was
employed to detect tumor-related miRNAs. The developed
ACSP nanoprobe served as the dual-mode detection probe to
achieve SERS enhancement and fluorescence quenching of the
signal molecules. In this system, a smart 3D DNA walking
nanomachine was delicately designed to improve the detection
sensitivity. The dual-signal ratio determination with self-
calibration capability was more stable, more accurate, and
less susceptible to environmental interference than previous
nanowalkers. The SERS-FL dual spectra assay provided
comprehensive and intuitive information for microRNA
analysis in living cells. On the other hand, ACSPs could also
act as a multifunctional nanoagent when combined with PTT,
photodynamic therapy (PDT), and chemodynamic therapy
(CDT), realizing excellent synergistic tumor treatment. This
versatile nanoplatform with a smart design exhibits consid-
erable potential for clinical diagnosis and therapy.

RESULTS AND DISCUSSION

Principles of a Dual Ratiometric SERS-FL Biosensor
Based on a 3D DNA Walking Nanomachine. As shown in
Scheme 1A, the 3D DNA walking nanomachine contained
nucleic acid-functionalized ACSPs (nACSPs) and a fuel DNA-
conjugated tetrahedral DNA nanostructure (fTDN) with dual
SERS and FL ratio signals. The nACSPs were assembled with
5'-thiolated and 3’-CyS-labeled hairpin DNA (H1) as the track
and §'-thiolated AS1411 aptamer (AP) and S’-thiolated walker
DNA (W) as the walking leg that was partially hybridized with
a special blocker DNA (B). The B has two interrelated effects:
target recognition and background reduction. As the detection
substrate, the ACSPs not only exhibited strong SERS
enhancement but also had a high fluorescence quenching
effect. The tetrahedral DNA nanostructure (TDN) was
fabricated with four programmable DNA strands (TDNa—
TDNd, Table S1). Among the four single-stranded DNAs, the
sequence of TDNa was extended with a link sequence to
hybridize with 3'-Rox-labeled hairpin DNA (H2), which acted
as the walking fuel. TDNd contained another different
extended sequence, the AS1411 aptamer. AS1411 can
specifically recognize the overexpressed nucleolin ontumor
cell surfaces, which would contribute to the directional
accumulation of nanomachines at the tumor cell surfaces and
improve their cellular uptake efficiency. MicroRNA-21 (miR-
21) was selected as the model miRNA in our experiments.
MiR-21 is recognized as an oncogene and is overexpressed by
most cancer cells. In dual SERS and FL modes, the distance
change between the ACSPs and the signal molecules could
trigger reciprocal spectral signal conversion. Scheme 1B shows
that the walker nanomachine was inactive in the absence of a
target because the walking activity of W was blocked by B. H1
and H2 retained their stable hairpin structure, and the CyS-tag
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on H1 was close to the ACSP surface when the CyS SERS
signal was on and its fluorescence signal was off, while the Rox-
tagged H2 on fTDN was not close to the ACSP probe when
the Rox SERS signal was off and its fluorescence was on. In this
state, only the strong SERS signal of CyS and the fluorescence
signal of Rox could be detected. However, in the presence of
target miR-21, the nanomachine was quickly activated. The
target miRNA (T) bound to B by a toehold-mediated strand
displacement to form a B—T complex and a free W.
Subsequently, W unfolded the hairpin structure of the adjacent
HI1 and exposed its locked toehold. Then, the H2 strand
anchored on the TDN served as the fuel molecule to bind to
HI1 via a new strand-displacement reaction, resulting in the
generation of a stable H1—H2 duplex and the concurrent
release of the free W to initiate a new cycle along the ACSP
track. As a result of the 3D walking amplification, multiple
TDNs were assembled on the surface of the ACSPs to form
ACSP-TDN core satellite nanostructures through repeated
unfolding, binding, and release cycles. The rigid structure of
duplex H1—H2 prevented the CyS5-tag on HI from getting
close to the ACSP surface during the autonomous assembly
process, while the Rox-tag on H2 remained in proximity to the
ACSP surface. It is worth mentioning that these effective
position changes triggered a continuous CyS fluorescence
signal recovery and Rox fluorescence quenching, while the
prominent Rox and Cy5 SERS signal outputs were reduced. By
virtue of this design, the amplified ratio signals of Rox to Cy5
in different modes could be cross-referenced for accurate
detection of intracellular miR-21 and more comprehensive
imaging monitoring in live cells. Furthermore, under 808 nm
laser irradiation, ACSPs could also act as multifunctional
nanoagents to generate hyperthermia and highly toxic ROS in
the tumor microenvironment (TME), which could irreversibly
damage biomolecules and result in cellular apoptosis or
necrosis.

Construction and Characterization of nACSPs. The
main synthesis procedure of nACSPs is illustrated in Figures
1A and SI1. First, spherical monodisperse gold nanoparticles
(AuNPs) were synthesized. Then, they were dispersed in an
aqueous polyvinylpyrrolidone solution, which was employed to
improve the Au-core NP stability and assist in the in situ self-
assembly. Subsequently, cupric sulfate pentahydrate, thioace-
tamide, and hydroxylamine hydrochloride were sequentially
added, and the Au@Cu,_,S core—shell nanostructures
(ACSNs) were synthesized via a modified self-assembly
protocol.*® Polydopamine (PDA) possesses a versatile
bioconjugation ability, outstanding fluorescence quenching
effect, and high photothermal performance. Therefore, the
ACSN surface was further coated with a PDA shell by in situ
emulsion polymerization to construct Au@Cu,_,S@PDA
nanoparticles (ACSPs). The thiolated DNA was assembled
onto the surface of the ACSPs via the quinone groups in the
PDA shell to produce nACSPs.

Transmission electron microscopy (TEM) images revealed
that the diameter of the visually red Au NPs was approximately
15 nm (Figure 1B). The ACSNs appeared as uniform and well-
dispersed core—shell spheres with an average size of
approximately 35 nm (Figure 1C). As revealed by the high-
resolution TEM (HRTEM) images, the Cu,_,S shell featured
distinct lattice fringes, indicating high crystallinity (the inset in
Figure 1C). Figure 1E shows its energy dispersive spectrometer
(EDS)-elemental mappings. The Au, Cu, and S element
distributions further confirmed the dual plasmonic core@shell
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Figure 2. Feasibility of the ratiometric SERS-FL dual-spectrum nanosystem. (A) Schematic illustration of the motion of the 3D DNA walking
nanosystem in response to specific target. (B) Polyacrylamide gel electrophoresis image of the DNA walking reaction. (C, D) AFM imaging
of TDN. (E) SERS spectra in the absence of miR-21 (a) and in the presence of 1 pM miR-21 without (b) and with (c) fTDN. (F, G)
Fluorescence spectra of Cy5 (F) and Rox (G) in the absence of miR-21 (a) and in the presence of 10 nM miR-21 without (b) and with (c)

fTDN.

nanostructure. With the self-polymerization of dopamine, the
solution color changed from green to black, and the resulting
ACSPs had a mean diameter of 45 nm and a thin PDA shell of
approximately S nm (Figure 1D). The EDS spectrum indicated
the elemental composition of the ACSPs (Figure S2), in which
the N and O elements originated from the PDA shell. The
characteristic peaks of PDA (3410, 1605, 1510, and 1295
ecm™') in the Fourier transform infrared (FT-IR) spectrum
provided additional evidence of the successful coating with the
PDA shell (Figure S3A). X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS) were performed to assess
the components and chemical status of the ACSPs. The XRD
pattern contained the characteristic peaks of Au and Cu,_,S
(Figure 1F). The typical Au, Cu, S, N, and O signals could be
observed in the XPS spectrum (Figure S3B—H), further
indicating the element composition in the ACSPs, which was
consistent with the EDS results (Figure S3). In addition, the
XPS spectrum of Cu 2p showed two main peaks at 952.5 and
932.6 eV (Figure S3C), corresponding to Cu 2p,,, and Cu
2p;/5, respectively, which confirmed the coexistence of Cu*
and Cu*.*”** Both the { potential value change and
hydrodynamic size increase indicated the successful assembly
during each step (Figure 1G). The final { potential value and
hydrodynamic particle diameter of the ACSPs were —39.7 mV
and 58 nm, respectively. Regarding their chemical stability, in
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contrast to the ACSNs, the ACSPs showed good colloidal
stability in neutral and acidic buffers (Figure S4), which could
be attributed to the PDA surface coating. The optical
properties of ACSN and ACSP aqueous dispersions were
studied by UV—vis-NIR absorption spectra. As shown in
Figure 1H, the ACSN spectrum contained two distinct SPR
peaks in the visible and NIR regions (curve c). The plasmon
absorption of the Au core was red-shifted by 30 nm compared
to that of bare Au NPs, which was attributed to the high
refractive index of the Cu,_,S shell. Compared with pure
Cu,_,S NPs, there was a significant blueshift of the NIR
absorption from 950 to 880 nm, which was attributed to
plasmonic resonance coupling between the Au core and the
Cu,_,S shell. The ACSPs (curve d) had a similar plasma
resonance curve to the ACSNs, with a slight blueshift in the
NIR absorption band, suggesting that the PDA coating may
have promoted the coupling between the Au core and Cu,_,S
shell. The SERS activity of the aforementioned NPs assembled
with §'-thiolated and 3’-CyS tagged hairpin DNA (H1) was
evaluated next. As shown in Figure 1I, the strong SERS
response was observed on ACSPs (curve d). The Raman peak
at 1602 cm™' originated from the C=N stretching vibrations
of the CyS molecule on DNA H1. The SERS enhanced factor
(EF) values for CyS on AuNPs, ACSNs, and ACSPs were
estimated to be 3.69 X 10°% 7.01 X 10% and 1.06 X 107,
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Figure 3. Ratiometric SERS-FL dual-spectrum nanomachine for miR-21 detection in vitro. (A—E) Fluorescence spectra of CyS (A), Rox (B)
in response to miR-21 at various concentrations and their corresponding calibration curves (C and D) and ratiometric values of fluorescence
intensity (Froy /FCyS) for the analysis of different concentrations of miR-21 (E). From (a) to (j): 0 pM, 1 pM, 5 pM, 10 pM, 50 pM, 100 pM,
0.5 nM, 1 nM, S nM, and 10 nM miR-21. (F—I) SERS spectra in response to miR-21 at various concentrations (F) and their corresponding
calibration curves (G and H) and ratiometric values of SERS intensity (IRox/ICyS) for the analysis of different concentrations of miR-21(1).
From (a) to (j): 0 aM, 10 aM, 100 aM, 1 fM, 10 M, 100 fM, 1 pM, 10 pM, 100 pM, and 1 nM miR-21. (J) Specificity of the ratiometric SERS
sensing system for miR-21. The concentrations of miR-21 and other different microRNAs were 1 pM and 5 pM, respectively. (K, L) SERS

mapping spectra of the ratiometric SERS sensing system for 1 pM
corresponding ratiometric SERS values (L).

miR-21 collected from 30 random spots on the detection chip (K) and

respectively, confirming that the ACSPs had the strong Raman
enhancement ability among them. The LSPR-induced electro-
magnetic field enhancement is a key factor for SERS signal
enhancement. Finite difference time domain (FDTD)
calculations were performed to investigate this property
(Figures 1J and SS). The results showed that compared to
the pure AuNPs and the ACSNs, the ACSP nanoprobe
produced a higher electric field intensity and larger area of
electric field enhancement due to stronger LSPR coupling,
which was consistent with the UV—vis-NIR spectroscopy
experiment results (Figure 1H). On the other hand, the
abundant quinone groups in the PDA nanoshell are highly
reactive toward thiol groups, and the functionalized bio-
molecules can be covalently immobilized on the surface
through Schiff base or Michael addition reactions.”” ™' The
PDA surface coating resulted not only in a stronger binding
capacity of the ACSPs but also a larger surface area for
anchoring of the signal probe, leading to a significantly
increased probe molecule loading efficiency and further
enhancement of the Raman signal. Furthermore, the SERS
signal of CyS on the nACSP nanoprobe showed a negligible
decline even after 7 days of storage (Figure 1I, curve e),
indicating that the chemical stability of the PDA nanoshell
could contribute to maintaining the spectral activity. The

ACSPs were also used as nanoquenchers because of the robust
fluorescence quenching ability of PDA.”>>* As shown in Figure
S6, free CyS-labeled H1 had a strong fluorescence emission at
688 nm, while the fluorescence signals of the CyS-HI1
functionalized ACSPs were negligible, demonstrating the
high fluorescence quenching efficiency of the ACSPs. The
above results revealed the excellent optical properties of the
ACSP nanoprobe.

Feasibility of the Ratiometric Dual-Spectrum Nano-
system. Several experiments were performed to investigate
the feasibility of the proposed nanosystem. The operation
process of the target-triggered 3D DNA walker nanodevice is
indicated in Figures 2A and S7. A DNA analog of the miRNA
target based on the same base-pairing recognition and signal
response was used in the following in vitro experiments. First,
the catalytic feasibility of the walking amplifier was verified by
polyacrylamide gel electrophoresis (PAGE). As shown in
Figure 2B, there was only one band in lanes 1—3, indicating
that H1, H2, and W were pure, and no catalytic assembly
occurred. Two new bands, T—B and W—H]1, were observed in
lane 4 (W—B+T+H1), suggesting that the walking ability of W
could be activated by targeted binding. In the walking system,
W could be recycled with the formation of the H1-H2
complex. The appearance of the HI-H2 band in lane 5
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indicated the catalytic performance of the walker. Next,
successful formation of TDN and fTDN was characterized
by a gradual decrease in the gel mobility with sequential
addition of oligonucleotides from TDNa to H2 (Figure S8).
The vertebral shape of TDN with a size of 2 nm was further
visualized by atomic force microscopy (AFM, Figures 2C,D
and S9). The TDN performed three important functions in
this system. One function was loading the H2 fuel probes to
distance the Rox tag from the ACSPs, effectively preventing
background interference. A second function was to improve
the cell internalization efficiency of the hairpin probe. Last,
TDN protected the hairpin probe against enzymatic
degradation, enhancing the biological stability of the
probe.'">* Then, dual SERS and fluorescence measurements
were performed to test the amplification operation of the
nanodevice during the activating, unfolding, and releasing
processes. As shown in Figure 2E, the proposed nanoprobe
(nACSP) worked well in the presence of the target and fTDN,
with a strong Rox/CyS SERS output (curve c). However, only
a slight signal change was obtained in the absence of the
fTDN, even if H1 was unfolded by the activated W, because
the walking amplifier could not operate without H2 as fuel
(curve b). The ratio fluorescence detection further confirmed
the amplification feasibility of the nanodevice (Figure 3F,G).
As anticipated, the nanodevice produced a high-fluorescence
ratio signal only when the walking probe was effectively
operated with the fuel probe. With the addition of the target,
the fluorescence intensity of CyS at 688 nm increased and that
of Rox at 612 nm decreased. The above results were consistent
with our postulated mechanism of the nanomachine,
demonstrating the feasibility of the dual-ratiometric dual-
spectrum nanosystem for the detection of miRNAs.
Performance Evaluation of miRNA Detection In Vitro.
To achieve the best analytical performance, a series of
experimental conditions, such as the length of walker DNA
and blocker DNA, the concentration ratio of W to H1, and the
walking time of W, were optimized (Figure S10). Under the
optimum conditions, the sensitivity of the ratiometric dual-
spectrum nanosystem was investigated. As shown in Figure
3A,B, with increasing target concentration, the fluorescence
intensity of CyS (Fc,s) at 688 nm increased gradually, while
the fluorescence intensity of Rox (Fg,,) at 612 nm decreased
correspondingly. Figure 3C,D shows the linear relationship
between the fluorescence intensities and the logarithm of the
target concentration ranging from S pM to S nM. The limit of
detection (LOD) was 4.78 pM with an R* of 0.957 (for the
CyS signal) and 1.12 pM with an R* of 0.951 (for the Rox
signal; 36). To achieve a higher accuracy and sensitivity,
ratiometric measurements were utilized to detect miR-21 by
calculating the ratio of Fy,/Fc,s. Excellent linearity between
the ratiometric signals and the logarithmic concentration of
miR-21 in the range from 1 pM to 10 nM was achieved (Figure
3E). The corresponding regression equation was Y = —12.364
log C — 98.071, with a good correlation coefficient R? 0f 0.987,
where Y and C represent the fluorescence ratiometric signals
and the correlation concentration of miR-21, respectively.
Significantly, the LOD of the fluorescence ratio detection was
calculated to be 0.11 pM based on 30, which was
approximately 43.5-fold lower than that achieved by Fc,s and
10.2-fold lower than that achieved by Fy,, alone. Figure 3F
shows the response of the SERS mode to the variation of the
target concentration. The typical peaks of CyS at 1602 cm™
and of Rox at 1644 cm™' were used to quantitatively evaluate
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the SERS response of miR-21. Increasing the miR-21
concentration caused the Raman intensity to decrease for
CyS (Icys) and increase for Rox (Irey). Ieys Irow and Iroy/Icys
all varied linearly with the logarithmic concentration of miR-21
in the 10 aM to 1 nM range (Figure 3G—I). The LODs of the
Ipo/Icys ratio mode and individual Ic,s and Iy, mode were
estimated to be 4.95 aM, 5.82 aM and 6.47 aM, respectively.
These results indicated that the sensitivity of the SERS
platform for target miRNA was much higher than that of
fluorescence analysis. More significantly, the dual SERS and FL
ratiometric strategies both exhibited better linear relationships
with the miR-21 concentration and lower LOD than those
achieved by using either the corresponding Cy5 signal or Rox
signal alone. Furthermore, to the best of our knowledge, the
LOD obtained in our SERS ratiometric strategy is much lower
than that of other methods used for miRNA detec-
tion.""'**3757 The excellent sensitivity could be attributed to
the following factors. First, in the target-triggered 3D DNA
walker cascade amplification system, each target miRNA could
activate the autonomous assembly on the nanomachine and
generate large amounts of signal output, effectively improving
the detection performance. Second, the robust SERS enhance-
ment and fluorescence quenching ability of the ACSPs may
provide a high signal-to-noise ratio. Third, adopting TDN to
load fuel probes can reduce nonspecific adsorption and
background signals.

The selectivity of the nanodevice was also investigated. As
shown in Figure 3], compared with the blank control, only the
mixed samples and target miRNA could induce high-intensity
Raman responses. In contrast, the Iy,/Ics signals for two-base
mismatched T2 and single-base mismatched T1 were only
about 15.2% and 24.3% of target responses, respectively.
Similar trends were observed in the ratio fluorescence analysis
(Figure S11), highlighting the excellent selectivity of the
nanodevice. The SERS response was recorded for 30 random
spots (Figure 3K), and the relative standard deviation (RSD)
of the ratiometric Raman signals was 4.15% (Figure 3L),
demonstrating the good reproducibility of the proposed
nanosystem. Anti-interference ability and signal stability are
important parameters in the performance evaluation of any
analysis platform. To test this hypothesis, our nanodevice was
incubated with buffer, 10% fetal bovine serum (FBS), bovine
serum albumin (BSA), glutathione (GSH), and 0.5 U mL™"
DNase I for 6 h. As shown in Figure S12, few changes in the
SERS or fluorescence ratio signals were observed compared to
the background, which was consistent with previous
reports,'”>* indicating that the developed nanomachine
could effectively avoid false positive signals caused by
enzymatic degradation and other biomolecular interference
due to the protection provided by the PDA shell and the
tetrahedral backbone. Next, the influence of temperature and
pH fluctuations on the proposed sensor performance was
evaluated. Employing the ratiometric signal readout mode, no
significant Rox/CyS value changes were observed either in
SERS or in fluorescence detection (Figure S13), suggesting the
high signal stability of the nanomachine. More compelling,
when the walking amplification products were treated with
HeLa cell lysates, the SERS signal ratio remained stable for 8 h
with little change (Figure S14A), which may be attributed to
the dual protective effects of ACSPs and TDN. Similar results
were also obtained in the ratio fluorescence analysis (Figure
S14B). The excellent stability, as well as a ratio-based signal
output strategy, efficiently improved the analysis accuracy,
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Figure 4. (A) Confocal fluorescence images of nanomachine incubated with HeLa cells. Scale bar: 20 um. (B) SERS images of nanomachine
incubated with HeLa cells. Scale bar: 10 ym. (C) Representative Raman spectra at different locations indicated in (B), including the
surrounding environment (a), cytoplasm (b, d), and cell nucleus (c). (D) Fluorescence images of miR-21 in living HeLa cells without
treatment and incubated with nACSPs, nACSPs/H2, and nACSPs/fTDN for $ h. Scale bar: 40 ym. (E) Confocal fluorescence images of miR-
21 in MCF-7, MDA-MB-231, HeLa, and HEK293 cells. Scale bar: 40 gm. (F) SERS spectra of miR-21 in HeLa cells with the nACSP-fTDN
nanodevice. Inset: SERS ratiometric intensity (IRox/ICyS) versus intracellular contents of miR-21. (G) SERS spectra of MCF-7, MDA-MB-231,
and HeLa cells with nACSP-fTDN nanodevice. (H) Quantification of miR-21 in different tumor cell lines through SERS spectra and qRT-

PCR.

indicating the great potential of the walking nanodevice for its
application in the detection of target miRNA in living cells.
Imaging and Quantitative Analysis of miR-21 in
Living Cells. Intracellular miRNA imaging was performed
using a human cervical cancer cell line (HeLa) overexpressing
miR-21.>%**>" Prior to application of the 3D walking
nanosystem to living cells, the cytotoxicity of the nACSPs
and fTDN was tested by a standard 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay. The
culture solution group was used as the control. As shown in
Figure S1S, after incubation with the nACSP/fTDN mixture
for 36 h, three cancer cells (MCF-7, MDA-MB-231, and
HeLa) and three normal cells lines (HEK293, L02, and L929)
all presented relatively high viability, confirming the excellent
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biocompatibility of the proposed nanosystem. Then, the
feasibility of the nanosystem operation in HeLa cells was
assessed by monitoring the SERS mapping and fluorescence
imaging signals at different incubation times in living cells. In
the confocal fluorescence image, green fluorescence originated
from Rox, indicating that the fTDN probe was internalized
into the HeLa cells. The red fluorescence was derived from
CyS fluorescence recovery, suggesting that hairpin HI1 was
unfolded and that the walking amplifier was activated through
targeted recognition. Subsequently, red fluorescence signals in
HeLa cells were observed. Upon prolonging the incubation
time, the red fluorescence gradually increased, and an intense
fluorescence signal was observed at S h (Figure 4A). The SERS
mapping results were consistent with the fluorescence studies.
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Figure S. Photothermal performance and ROS effect of ACSPs in vitro. (A, B) Infrared thermal images (A) and corresponding temperature
rise curves (B) of PBS, AuNPs, ACSNs, and ACSPs under 808 nm laser irradiation (1.3 W cm™2). (C) Photothermal stability of ACSPs (five
irradiation on/off cycles) under 808 nm laser (1.3 W cm™2). (D) Schematic illustration of ROS generation and GSH depletion of ACSPs. (E)
Fluorescence spectra of DCF caused by ROS production: (a) PBS + NIR, (b) ACSP, (c) H,0,, (d) ACSP + H,0,, (¢) ACSP + NIR, (f)
ACSP + H,0, + NIR, (g) ACSP + GSH + NIR, and (h) ACSP + H,0, + GSH + NIR. (F) Fluorescence spectra of DCF incubated with ACSPs
(200 ug mL™") and H,0, (1 mM) upon different irradiation time (¢ = 0—10 min) of 808 nm laser. (G) Degradation of DPBF due to *O,” and
10, generation: 200 sg mL ™' of ACSPs with 1 mM H,0, at different irradiation times. (H) Degradation of MB caused by ‘OH production:
200 pg mL™" of ACSPs with 1 mM H,0, at different illumination times. (I) Fluorescence images of DCFH-DA-stained HeLa and HEK293
cells with different treatments. (J) Fluorescence images of AO/EB costained HeLa and HEK293 cells. Scale bar: 100 gm.

With the activation of the amplification reaction, the green miRNA-triggered amplification reaction mainly occurred in the
field of Rox was continuously enhanced and was the brightest cytoplasm, which was consistent with colocalization fluores-
at 5 h (Figure 4B). Furthermore, the SERS spectra obtained cence imaging analysis of nuclear staining with DAPI (Figures

from different sites in single HeLa cells showed that the target 4 C and S16). Both SERS mapping and fluorescence imaging
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were in perfect agreement with the proposed working
mechanism. However, SERS imaging required at least 10
min. In contrast, fluorescence imaging was much faster and
required only a few seconds. Thus, the cell penetrability and
amplification efficiency of the proposed walking nanodevice
were visualized by fluorescence imaging. The HeLa cells were
incubated with nACSPs, nACSPs/H2, and nACSPs/fTDN for
5 h. As shown in Figure 4D, with the addition of nACSPs only,
a weak CyS fluorescence signal was observed because H1 was
unfolded by the miR-21-triggered strand displacement
reactions at a ratio of 1:1 without signal amplification.
Subsequently, even when the free fuel molecule H2 was
added, very weak Rox fluorescence was observed, but the CyS
signal was not significantly enhanced. This result suggested
poor penetrability and low biostability of the free hairpin DNA.
Notably, after incubation with the nACSP/fTDN mixture, Rox
and CyS fluorescence could be observed in the HeLa cells.
These results indicated that the excellent self-delivery efficiency
of the proposed nanodevice without the help of transfection
agents and demonstrated the high amplification ability for in
situ imaging of microRNA in living cells.

Dynamic identification of miRNA expression levels is of
great significance for clinical diagnosis, targeted therapy, and
prognosis monitoring. Treatment of HeLa cells with miRNA21
mimics or inhibitors could upregulate or downregulate
intracellular miRNA expression. As shown in Figure S17,
with untreated HeLa cells as the control group, the Rox signal
was weaker, and the CyS fluorescence signal was stronger in
the mimic treatment group, while a brighter Rox fluorescence
signal and less intense CyS fluorescence were observed in the
inhibitor treatment group. The results indicated that the
proposed nanodevice could accurately monitor changes in the
miRNA expression levels in living cells. Then, three cancer
cells (MCF-7, MDA-MB-231, and HeLa) and a normal cell
(HEK293) were selected to evaluate the practical applicability
of the presented approach. Confocal imaging results (Figure
4E) revealed higher miR-21 expression levels in MCF-7 cells
and MDA-MB-231 cells than in HeLa cells, which was
consistent with previous reports.”'"** However, in HEK293
cells, the Rox fluorescence signal was extremely weak, while
CyS fluorescence was almost unobservable, which may be due
to the lower expression of miR-21 and nucleolin negative
expression in normal cells compared with tumor cells.””°!
Moreover, based on the higher sensitivity of SERS signal, the
designed nanodevice was further used for the quantitative
analysis of intracellular miR-21 with SERS spectra, and the
dual-signal ratio strategy provided high accuracy in the
biological matrix. As shown in Figure 4F, the ratio SERS
intensity of I.,/Ic,s showed a good linear relationship with the
logarithmic concentration of miR-21 in the cells from 0.29 fM
to 9.30 pM with LOD of 0.11 fM (36). The LOD was
approximately 7-fold lower than that of the previous reports for
intracellular miR-21 analysis so far (Table S2). According to
the corresponding standard curve, the accurate quantification
of miR-21 in the three cancer cell lines was obtained with the
SERS spectra (Figures 4G and S18 and Table S3). The
contents of miR-21 in HeLa, MDA-MB-231, and MCF-7 cells
were calculated to be 42.0 + 2.6 fM, 98.5 + 4.1 fM, and 120.3
+ 5.8 fM ((2.5 + 0.15) X 10%, (5.9 + 0.24) x 10% and (7.2 +
0.37) X 10° copies/cell), respectively. For HEK293 cells, the
extremely low probe signal was caused by lack of nucleolin on
the cell membrane, which might block the delivery of
nanomachine. These results agreed well with the fluorescence
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imaging results and reported data.'®*® The above results were

further confirmed by quantitative reverse transcription PCR
(qQRT-PCR), a conventional method (Figure 4H and Table
S3). These findings demonstrated that our nanodevice could
not only identify cancer cells from normal cells based on probe
specificity but also distinguish different cancer cells according
to different miRNA expression and realize accurate quantifi-
cation of target miRNA in living tumor cells. To further
confirm the feasibility of clinical application of the proposed
nanodevice, the analysis of miR-21 from serum samples of
three newly diagnosed cervical cancer patients was performed
using standard addition method. As shown in Table S4, miR-
21 at levels of 104.3 + 4.8 M, 132.5 + 7.6 fM, and 113.7 + 4.3
fM were detected in serum samples from patients, respectively.
These results agreed well with those of qRT-PCR analysis,
suggesting the excellent clinical application potential.

Evaluation of Photothermal Performance and ROS
Effect of ACSPs In Vitro. The above results indicated the
great potential of our proposed nanomachine in accurate
diagnosis. In addition, the ACSP nanoprobes in the nano-
system could also be used as excellent nanoagents for PTT-
and ROS-mediated multimodal synergistic therapy. The dual-
plasmon coupling of the Au core and the Cu,__S shell can not
only improve the SERS effect but also enhance the
photothermal performance. Coupled with the inherent photo-
thermal properties of the PDA shell, the three photothermal
agent entities (i.e, AuNP, Cu,_,S, and PDA shell) result in
strong NIR absorption and a satisfying photothermal
conversion efficiency of our nanoprobes. As depicted in Figure
SA,B, under 808 nm laser irradiation, the temperature of the
ACSP aqueous solution could reach approximately 52.2 °C
within 10 min. In contrast, under the same conditions, the
temperatures of PBS, Au NPs, and ACSNs only reached 25.4,
31.6, and 46.3 °C, respectively, indicating the enhanced
photothermal effect of the ACSPs. Moreover, the photo-
thermal behavior of the ACSPs showed an irradiation power-
and concentration-dependent pattern (Figure S19). Based on
the heating and cooling curve and time constant (z,) (Figure
S$19), the photothermal conversion efficiency (#) of the ACSPs
was determined to be 55.7%, which was superior to the ACSNs
(46.8%) and many previously reported photothermal agents
(Figure S20 and Table SS). Successive heating/cooling cycle
tests were used to evaluate the stability of the ACSPs. As
shown in Figure SC, there was no significant deterioration in
the photothermal properties after five NIR irradiation on/off
cycles, indicating its stable photothermal performance. The
excellent photothermal stability of the ACSPs could be
attributed to the well-defined core—shell nanostructure and
the uniform PDA shell coating.

A more significant property is that Cu,_,S in the ACSPs can
act as a powerful photosensitizer and Fenton-like agent,
leading to the generation of ROS.*** A PDA shell and an
AS1411 aptamer DNA were successively coated on the Cu,_,S
shell to enhance the biocompatibility and target recognition
ability of the ACSPs. After the ACSPs specifically accumulated
on the surface of the tumor cells and were internalized by
endocytosis, Cu” ions could be released from the ACSPs under
808 nm laser irradiation, which was attributed to the promoted
degradation process at high temperature.”**** Then, Cu*
could react with endogenous H,0O, to produce OH through a
Fenton-like reaction and could also be oxidized by molecular
oxygen (0,) to form toxic 02_.37’43’62 Both reaction processes
could promote the generation of ROS and produce Cu’'.
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Figure 6. In vivo antitumor efficacy of the ACSPs. (A) Schematic illustration of the tumor treatment process. (B) Photothermal images of
mice bearing HeLa tumors under 808 nm irradiation (0.8 W cm™>) with or without ACSPs. (C) Body weight changes of the mice in different
treatment groups. (D) Relative tumor volume changes during therapy. (E) Average tumor weight with different treatments. Error bars are
based on the standard deviation (SD) among five mice. Photographs of representative mice (F) and tumors (G) from different groups. (H)
H&E stain assay of tumor slides from HeLa tumor-bearing mice with different treatments. *P < 0.05, **P < 0.01. Scale bar: 100 gm.

Subsequently, the generated Cu®* would be reduced to Cu* by
consuming excess GSH in the TME,”*** leading to a cyclic
conversion of the two redox states (Cu® and the Cu®").
Moreover, the ACSPs can convert oxygen into highly toxic 'O,
upon NIR irradiation.*”**** The smart circulation system
ensured the generation of a considerable quantity of ROS and
weakened the antioxidant defenses of the tumor cells.
Furthermore, the high PT conversion performance of the
ACSPs could further improve the ROS generation efficiency,
thereby realizing single nanoagent-mediated PTT/PDT/CDT
trimodal synergistic therapy (Scheme 1B and Figure SD). As
the production of highly toxic ROS is an important factor in
tumor therapy, 2,7-dichlorofluorescein (DCF) was used as a
probe to investigate the ROS production capacity of the
ACSPs.

As displayed in Figure SE, no obvious DCF fluorescence
signal was detected upon NIR irradiation, H,O, treatment or
from ACSPs alone. The fluorescence in the ACSP plus H,O,
group was relatively low. However, a high signal was observed
in the group of ACSP with 808 nm light irradiation, and the
fluorescence intensity increased gradually with increasing
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irradiation time (Figure SF) and ACSP concentration (Figure
S21), indicating the efficient production of NIR-activated
ACSP-mediated ROS. Notably, a much higher fluorescence
signal was obtained when ACSP reacted with H,O, under 808
nm laser irradiation, which demonstrated that the ROS
generation efficiency of the ACSPs was significantly enhanced
by combining PDT with photodriven CDT (Figure SE, curve
f). GSH has a powerful scavenging effect on generated ROS.**
Surprisingly, after the addition of GSH, the fluorescence signal
of DCF with or without H,0, was only slightly reduced by
approximately 18.3% and 40.5%, respectively (Figure SE,
curves h and g). The high ROS retention efficiency could be
attributed to Cu*"-induced GSH consumption. Moreover, the
Ellman assay was applied to further evaluate the GSH
depletion by the ACSPs. As shown in Figure S22, under 808
nm laser irradiation, the GSH level progressively decreased
upon increasing the concentration of the ACSPs. Efficient
GSH consumption both deteriorates the antioxidant capability
and promotes Cu*/Cu’* cyclic conversion, thereby improving
the treatment effect. DCF fluorescence in combination with
NIR irradiation was used to study the ROS-generating activity
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of the ACSPs at different pHs (7.4, 6.0, and 5.0). Interestingly,
varying the pH only changed the reaction efficiency by
approximately 20% (Figure S23), indicating good reaction
activity for the ACSPs over a wide pH range, unlike highly pH-
dependent ferrous-based nanoagents, thereby ensuring a high
efficiency of the ACSP-mediated tumor therapy.

To further understand the catalytic mechanism of the
ACSPs, the type of ROS products was determined by electron
spin resonance (ESR) using S,5-dimethylpyrroline-1-oxide
(DMPO) and 2,2,6,6-tetramethylpiperide (TEMP) as the
spin trap agent (Figure S24), and the results indicated that the
products included -O,~, -OH, and 'O,. Moreover, degradation
experiments of 1,3-diphenylisobenzofuran (DPBF) and meth-
ylene blue (MB) were performed to further determine the free
radical products. The radical products ‘O,” and 'O, can
degrade DPBF, whereas -OH can degrade MB.>® As shown
in Figures SG,H and S25, the absorption of DPBF and MB
decreased with increasing NIR irradiation time and ACSP
concentration. However, when N,, ethanediamine (chelating
agent of Cu ion), isopropanol (-OH scavenger), superoxide
dismutase (-O,” scavenger), and carotene ('O, scavenger)
were added to the system, respectively, the DCF fluorescence
and degradation reactions of DPBF and MB were inhibited
accordingly, further confirming the efficient generation of -O,~,
-OH, and 'O, (Figure S26).

Encouraged by the above results, the intracellular ROS
production ability of the ACSPs was further evaluated by 2,7-
dichlorofluorescein-diacetate (DCFH-DA), which produces
green fluorescence after reacting with ROS. As shown in
Figures SI and S27, the green fluorescence in the HeLa cells
treated with ACSP + NIR was significantly more intense than
that in untreated cells or NIR- or ACSP-treated cells, whereas
almost no fluorescence was observed in normal HEK293 cells
with the different treatment conditions. This result indicated
that the ACSPs could specifically generate a large amount of
ROS in thetumor cells based on the synergistic effect of NIR-
induced CDT and PDT, while the effect on normal cells was
negligible due to the low cell uptake efficiency of the ACSPs
and the low H,0, expression in normal cells. This enables the
ACSPs to selectively kill tumor cells and reduce the side effects
to normal cells. Furthermore, the anticancer effect of the
ACSPs under different conditions was further evaluated by
MTT analysis (Figure S28). As expected, the HeLa cells
treated with ACSP + NIR exhibited the lowest viability at all
concentrations, indicating that the ACSPs could effectively
combine PTT with PDT and CDT triggered by NIR
irradiation to obtain the best anticancer effect. Normal cells,
however, could still maintain at least 78% viability under the
same conditions, showing few side effects. In addition, an
acridine orange/ethidium bromide (AO/EB) staining experi-
ment more intuitively demonstrated the ability of the ACSPs
to selectively kill tumor cells under NIR irradiation. As
displayed in Figure SJ, the ACSP + NIR-treated HeLa cells
showed a strong apoptotic signal, which was visually evidenced
by the red staining of dead cells by EB compared with the
bright green fluorescence in normal 293T cells. Flow
cytometry analysis also verified the excellent therapeutic effects
of the ACSPs upon NIR irradiation (Figure S29). Collectively,
these results indicated that the ACSPs show great potential as
all-in-one nanoagents for PTT/PDT/CDT synergistic therapy.

In Vivo Antitumor Efficacy of the ACSPs in Multiple
Modes. Based on the good antitumor efficacy of the ACSP
nanoprobe in vitro, in vivo experiments were then carried out

6972

using HeLa tumor-bearing nude mice (Figure 6A). First, the
photothermal effect of the ACSPs in vivo was evaluated by a
thermal imager. As shown in Figures 6B and S30, under 808
nm laser irradiation, the temperature at the tumorsite with
peritumoral injection of ACSPs increased to approximately 60
°C within 10 min compared to that with peritumoral injection
of PBS, demonstrating the effectiveness of ACSPs for
photothermal treatment and thermal imaging. Then, tumor-
bearing nude mice were randomly divided into four groups:
control, NIR, ACSP, and ACSP + NIR (n = S for each group).
The tumor volumes and body weights were recorded every 2
days during treatment. As shown in Figure 6C, only small
weight changes in the mice were observed in response to the
different treatments, indicating the high therapeutic safety of
the ACSPs. In addition, Figure 6D shows that compared with
the control group and the near-infrared group, the tumor
growth in the ACSP group was slightly inhibited after 21 days
of treatment, perhaps due to the small CDT effect of the
ACSPs in the TME. Surprisingly, the mice treated with ACSP
injection and 808 nm irradiation displayed the strongest
tumor-suppressing effect among all the groups, with a tumor
volume reduction of 48.6%, which may be attributed to the
photoinduced PTT/PDT/CDT multimodal synergistic ther-
apy. The tumors were removed from the mice at the end of the
treatment and weighed. As displayed in Figure 6E, the ACSP +
NIR-treated group had the smallest tumor weight, with a
tumor suppression rate of 96.1%, which further illustrated the
high efficiency of synergy therapy. Moreover, photographs of
representative mice and their tumors more intuitively indicated
that the ACSP + NIR treatments had the strongest antitumor
effect in all experimental groups (Figure 6F,G), which was
consistent with the results of in wvitro cell experiments.
Hematoxylin and eosin (H&E)-stained images showed a
large area of tumor cell necrosis and apoptosis that occurred in
response to the light-driven collaborative treatment scheme,
indicating the most substantial tumor damage among the
groups (Figure 6H). In addition, H&E-stained images of the
major organs (including heart, lungs, spleen, liver, and
kidneys) showed similar well-defined cell morphology and no
obvious pathological abnormalities compared with the control
group (Figure S31). Furthermore, the in vivo systemic toxicity
of ACSPs was further assessed by injecting the healthy mice
through the tail vein. The blood biochemical tests and blood
routine analysis were performed on days 1, 7, and 21,
respectively (Figures $32 and $33). There was no significant
variation compared to the control group with saline injection.
These results demonstrated the excellent clinical application
potential of ACSPs with a high anticancer effect and good
biocompatibility.

CONCLUSIONS

In summary, we successfully developed an intelligent
theragnostic nanosystem, in which the constructed ACSP
nanoprobe plays multiple important roles in synergistic tumor
therapy as well as in situ SERS-FL monitoring. Combining
fTDN-assisted walking amplification with the significant SERS
enhancement and fluorescence quenching performance of the
ACSP probe resulted in the successful application of the
proposed nanomachine to the in situ imaging of miR-21 in
cancer cells with high sensitivity and selectivity. Moreover, the
ratio sensing strategy improved the detection reliability, and
the SERS-FL dual-spectrum analysis provided complementary
and substantial information for accurate diagnosis. Upon 808
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nm laser irradiation, the ACSPs produced both excellent
photothermal effects and highly toxic ROS in the tumor
microenvironment, thereby realizing single nanoagent-medi-
ated PTT/PDT/CDT synergistic therapy. The excellent
antitumor efficacy was confirmed by in vivo and in vitro
experiments. Therefore, this smart nanosystem, which
integrates multimodal imaging with synergistic therapeutic
effects, exhibits considerable potential for clinical diagnosis and
cancer treatment.

EXPERIMENTAL DETAILS AND METHODS

Preparation of the nACSPs. The nucleic acid-functionalized
ACSPs were prepared as follows. First, 10 yL each of 1 yM swing arm
DNA (W) and 1 uM blocker DNA (B) were added to TNaK buffer
(20 mM Tris, 14 mM NaCl and S mM KCl, pH = 7.5) at 90 °C for §
min to synthesize walker DNA (W—B). Hairpin DNA (H1) (10 pL,
10 uM) was heated in a 90 °C water bath for 5 min and then cooled
to room temperature. W—B and H1 were treated separately with 10
mM TCEP buffer (10 mM TCEP, 10 mM Tris-HCl, 1 mM
ethylenediaminetetraacetic acid, S0 mM NaCl, pH = 7.4) for 1 h at
room temperature. The treated W—B and HI were added in a 1:10
molar ratio to 1 mL of ACSP solution. The mixture was isothermally
incubated at 37 °C for 12 h, washed three times using 10 mM PBS
buffer (NaH,PO, and Na,HPO,, pH = 7.4), and finally dispersed in
80 uL of PBS buffer (10 mM, pH = 7.4).

In Vitro FL and SERS Measurement. Different concentrations of
miRNA-21 (10 uL) were reacted with the nanodevice (1 uM) for 2 h
at room temperature. The reacted complex was centrifuged at 13,000
r min~' for 15 min and finally dispersed in PBS buffer for SERS
detection and fluorescence detection. The fluorescence spectra were
determined by setting the excitation and emission slits set to 5.0 and
10.0 nm band passes. The Rox excitation wavelength was 550 nm, and
the emission spectra were recorded between 570 and 630 nm. The
CyS excitation wavelength was 635 nm, and the emission spectra were
recorded between 640 and 700 nm. A 633 nm excitation light source
was used to obtain the SERS spectra (where the excitation energy was
fixed at S mW by using a neutral density filter throughout the
experiment). The detection capability of this method was evaluated
by monitoring the changes in the fluorescence peaks (612 and 688
nm) and Raman peaks (1644 and 1602 cm™) of Rox and Cys,
respectively. Quantitative detection of miR-21 in cells, miR-21, and
antisense sequences of miR-21 was carried out by transfecting HeLa
cells for 48 h. The Hela cells were incubated with the nanodevice for
an additional S h, after which the SERS intensity was measured.

Confocal Fluorescence Imaging. Before conducting the experi-
ment, HeLa cells, MCF-7 cells, MDA-MB-231 cells, and HEK293
cells were cultured in 96-well glass-bottom plates for 24 h at 37 °C.
Then, 20 uL of dispersed nACSPs and 40 uL of fTDN were added to
the cells for 2 h. The cells were washed twice with PBS. The cells were
incubated for a prescribed period of time. To detect miR-21 in cells,
miR-21 and antisense sequences of miR-21 were transfected into
HeLa cells for 48 h. The Hela cells were incubated with the
nanodevice for an additional S h, and fluorescence imaging was
performed using a Leica TCS SPS inverted confocal microscope. The
excitation light sources of fluorescence groups CyS and Rox were 633
and 514 nm, respectively, and different fluorescence signals were
captured for imaging using 640—700 nm and 540—640 nm channels,
respectively.

In Vitro ROS Detection. We used DCFH as a ROS probe to
evaluate the photodynamic properties of the nACSPs. Briefly, a
suspension of 1 mL of nACSPs at different concentrations (0, S0, 100,
200, and 400 pg mL™") and 100 uL of DCFH were dissolved in
ethanol and H,0,. The suspensions were exposed to 808 nm
irradiation for different periods of time (0, 1, 3, 5, 7, and 10 min) and
centrifuged to remove the nACSPs. A fluorescence analyzer was then
used to measure the fluorescence intensity of DCF at 520 nm.

Animal and Tumor Model. All animal studies were conducted in
accordance with the Guide for the Care and Use of Laboratory

Animals (Ministry of Science and Technology of China, 2006) and
the Guide for the Care and Use Committee of the Animal Experiment
Center of Marine Biomedical Research Institude of Qingdao
(Qingdao, China). Female Balb/c nude mice (4—S weeks) were
purchased from the Beijing Vital River Laboratory Animal
Technology Co., Ltd. HeLa cells (5 X 10° cells) were subcutaneously
injected into the right forelimb armpit of the mice, and the mice were
raised at SPF environment. After the tumor volume reached 1200
mm?®, Hypnorm/Midazolam was used to anesthetize the mice, and the
tumor was cut into similar-sized pieces (2—3 mm?®) in the DMEM cell
culture medium. A catheter was used to implant similar-sized
tumoroids subcutaneously into the right forearm axilla of female
BALB/c nude mice.
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