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Abstract

The synergistic strategy based on magnetic hyperthermia and free radical therapy demonstrates
tremendous potential in inducing effective tumor cell death. Therefore, the development of a novel
multifunctional micromotor with magnetic-thermal dual responsiveness is of paramount importance.
Here, a novel silicon-based tubular micromotor (SiMMs) is presented, which is fabricated via
template-assisted atomic layer deposition (ALD). The SiMMs is specially designed to load 2,2’-
azobis(2-midinopropane) dihydrochloride (AAPH), which is an anticancer drug. Firstly, the
micromotors were prepared using a polycarbonate (PC) film as a template to grow silicon microtubes
via ALD. Then, a multi-step functionalization process was carried out, the silicon microtubes were
modified with Fe;O, magnetic nanoparticles and gold core-silver shell nanoparticles to enable
magnetic controllability and surface-enhanced Raman scattering (SERS) traceability. Subsequently,
aptamers and AAPH were further modified onto the microtubes through a coupling method. Finally,
characterizations of SiMMs were conducted, including motion behaviors, fluorescence and SERS
signals. Magnetic-hyperthermia synergistic therapy of cancer cells using SiMMs were also
investigated. Results indicated that SiIMMs exhibit excellent magnetic controllability, targeted drug
delivery efficiency, real-time monitoring capabilities, and outstanding cytotoxicity towards cancer
cells under an alternating magnetic field (AMF). The novel SiMMs-based drug carrier and synergistic
treatment strategy provide a new platform for cancer therapy.

Keywords: micromotor; magnetic field control; surface-enhanced Raman scattering (SERS)
tracking; carbon-centered radical; synergistic therapy

Introduction

Cancer stands as a major global public health
challenge, posing a serious threat to human well-
being [1]. Aside from surgery, radiation therapy and
chemotherapy serve as the primary clinical options
for cancer treatment. However, these traditional

treatment methods carry significant side effects and
constraints, including radiation-induced damage to
adjacent healthy tissues, chemotherapy-related harm
to healthy cells, and potential long-term effects on the
immune and nervous systems [2—-6]. Consequently,
the quest for more stable, effective, and safer cancer
treatment approaches remains a key focus in the
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medical domain.

In recent years, the development of synergistic
strategies
hyperthermia and free radicals has advanced rapidly.
This approach has shown some success in the
treatment of challenging tumors [7]. Magnetic
hyperthermia, due to the infinite penetration depth of
applied magnetic fields in biological tissues, exhibits

treatment combining magnetic

tremendous potential in the treatment of deep-seated
[8—11].
methods relying on light penetration, magnetic

tumors Unlike phototherapy and other
hyperthermia is not limited by tissue absorption and
scattering, allowing direct action on deep tissues
within the body [12]. The principle behind magnetic
hyperthermia  involves  implanting  magnetic
nanoparticles within biological tissues and applying
an external alternating magnetic field (AMF). These
magnetic particles generate heat under the influence
of AMF, raising the temperature of the tumor tissue to
achieve a therapeutic effect [13—15]. However, the
magnetic heating efficiency of magnetic nanoparticles
is low, thus magnetic hyperthermia therapy is
typically utilized as a supplementary treatment to
enhance tumor sensitivity to radiation therapy or
chemotherapy [16-18]. Free radicals are highly
reactive species that can interact with lipids, proteins,
and DNA within cells, resulting in cellular
dysfunction and death [19, 20]. This additional
cellular toxicity mechanism can enhance the
effectiveness of magnetic hyperthermia therapy [21].
Therefore, the combination of magnetic hyperthermia
with free radical treatment strategies can enhance
therapeutic effectiveness, tumor-killing
capacity, and reduce damage to normal tissues. This
approach offers a new and effective means for cancer

treatment [11, 15, 22].

increase

Based on the treatment strategy mentioned above, a
variety of different nanoparticles have been studied
for cancer therapy, including gold nanoparticles and
magnetic iron oxide nanoparticles (MIONs) [23-26].
MIONSs are among the most attractive particles for
clinical applications, which are typically composed of
iron oxide core

a magnetic stabilized by a

biocompatible hydrophilic surface coating [27].
MIONSs can be modified to carry drugs and guided to
tumor sites using an external magnetic field. Once
positioned within the tumor, applying an AMF not
only generates hyperthermia but also triggers drug

release, leading to the release of free radicals for

localized therapy [11]. Combined
strategies involving MIONs have significant potential
treatment, but large-scale
translation faces ongoing challenges. One of the most
significant limitations is the difficulty in targeting and

locating tumor cells within the tumor, aside from real-

therapeutic

in cancer clinical

time monitoring and tracking [14].

As drug carriers, micro/nanomotors with various
morphologies, such as wire motors, Janus motors
[28-30], helical motors [31, 32], and tubular motors
[33-35], have been extensively studied. Reports
suggest that linear-shaped nanoparticles (like tubular
and helical) exhibit
circulation time in the

significant advantages in
[36].

Additionally, silica nanoparticles have found wide

bloodstream

application in drug delivery systems owing to their
structured mesoporous architecture, large surface
area, outstanding biocompatibility, and the simplicity
of surface modification [37, 38]. Through surface-
specific modifications or functionalization, the
multifunctional nature enables the integration of
[39],
issues associated with traditional

multiple functional units addressing the
aforementioned
MIONs and significantly enhancing the overall

effectiveness of treatment strategies.

In this case, micro-sized silicon-based microtubes
are used as drug carriers for micromotor (SiMMs).
Initially, the required silicon microtube carrier is
grown using a PC film as a template through atomic
layer deposition (ALD). The advantage of this
technology lies in its rapidly and
economically produce a large number of silicon-based
[40]. Subsequently,
employed to dissolve the outer PC film, releasing the
silicon microtubes into the solvent, which are then
obtained in a purified form through centrifugal
separation. A series of modification steps are then
carried out
Firstly, the
fluorescein

ability to

carriers dichloromethane is

on the prepared silicon microtubes.
silicon microtubes are labeled with
(FITC) to provide
fluorescence for subsequent co-localization imaging

isothiocyanate

experiments. Next, magnetic Fe;0, nanoparticles and
gold core—silver shell nanoparticles are modified onto
the microtubes, imparting them with magnetic

controllability = and  surface-enhanced  Raman
scattering (SERS)

aptamers and AAPH are conjugated onto the tubes,

tracking capabilities. Finally,

forming the entire SiMMs. These modifications
endow the SiMMs with a dual treatment mode

https://www.sciopen.com/journal/2150-5578


https://www.sciopen.com/journal/2150-5578
https://www.sciopen.com/journal/2150-5578
https://www.sciopen.com/journal/2150-5578

Nano Biomed. Eng., 2025, 17(2)

265

combining magnetic hyperthermia and free radicals,
along with essential engineerable functionalities for
clinical applications.

The unique advantages of SiMMs over previous
micromotors or nanoparticle-based systems lie in
their
therapeutic potential. Specifically, SiMMs combine

multifunctional integration and enhanced
magnetic control, free radical generation, and real-
time monitoring capabilities into a single platform.
This integration allows for precise targeting of tumor
cells using an external magnetic field, localized drug
delivery, and real-time tracking of the micromotors
within biological environments. The dual treatment
mode, which merges magnetic hyperthermia with free
radical  therapy, significantly enhances the
cytotoxicity towards cancer cells while minimizing
damage to healthy tissues. Moreover, the combination
of fluorescence and SERS tracking provides a
powerful means for monitoring the treatment process,
ensuring high detection accuracy and real-time
observation of dynamic changes. These features
collectively position SIMMSs as a promising candidate

for cancer therapy.

Experimental

Materials and instruments

Hexadecyl trimethylammonium bromide (CTAB),
tetraecthoxysilane (TEOS), and silver nitrate were
obtained from Sigma-Aldrich. PC membranes were

obtained from Whatman. 3-
Aminopropyltriethoxysilane (APTES) and sodium
citrate  were obtained from  Alfa  Aesar.

Triethanolamine (TEOA) was obtained from Titan.
Dichloromethane (CH,Cl,), ethanol (EtOH), iron
chloride (FeCl;), and ferrous chloride (FeCl,) were all
purchased from China National Pharmaceutical
Group Corporation. 5,5’-Dithiobis(2-nitrobenzoic
acid) (DTNB), 4-mercaptobenzoic acid (4MBA),
aqueous ammonia and AAPH were purchased from
Aladdin. Chloroauric acid was purchased from
Adamas (Shanghai). The NH,-modified CD63
aptamer(5’-CAC CCC ACC TCG CTC CCG TGA
CAC TAA TGC TA-(CH,)6-NH,-3) was synthesized
by Shanghai Genecore Biotech Co., Ltd. Phosphate-
buffered saline (PBS, 10 mmol/L, pH 7.4) was
purchased from Beijing Boboson Biotechnology Co.,
Ltd. H,DCFDA probe, Calcein/PI cell viability and
cytotoxicity assay kit, cell

membrane far-red

fluorescent probe (DiD) and cell counting kit-8 (CCK-
8) were all acquired from Sigma. Breast cancer cells
(MDA-MB-231) were obtained from the Cell Bank of
Shanghai Institute of Life
Academy of Sciences. The culture medium used was
90% Dulbecco’s modified Eagle medium (DMEM)
(purchased from Nanjing KeyGen Biotech Co., Ltd).
The reagents used in the experiment do not require
further purification procedures. The water utilized in
the experiment is deionized water with a resistivity of
18.25 MQ-cm.

Sciences, Chinese

The sample was characterized and imaged using a
scanning electron microscope (SEM, FEI Inspect
F50). The morphology and elemental analysis of
SiMMs were characterized using a transmission
electron microscope (TEM, Tecnai G’T20). The
surface potential was analyzed using a particle size
analyzer (Zetasizer Nano Series ZS90). SERS spectra
were collected using a Raman spectrometer (Horia,
T64000) with a 633-nm He-Ne
Fluorescence imaging was performed using a Zeiss
Elyra, P.1 microscope equipped with a 100x/1.46 oil
immersion objective and an Andor EM-CCD camera

model laser.

(iXon DU897), with image data analyzed using Zeiss
ZEN 2012 software. Observations of experimental
samples during cell capture experiments were
conducted using a laser confocal fluorescence
microscope (Olympus, FV1000). AMF (0.8 KW, 20—
25 KHz) was generated using an induction magnetic

stirrer (IKA, C-MAG HS 7 control).
Synthesis of SiMMs

12.5 mg of CTAB and 10 mg of TEOA were
dissolved in 4 mL of deionized water. After complete
dissolution, a PC membrane was placed in a 20-mL
bottle on a magnetic heating stir plate and heated to
80 °C. Once the temperature stabilized, 5 pL of
APTES was added, and the reaction was maintained
at a constant temperature of 80 °C for 30 min.
Concurrently, a mixture of APTES and TEOS was
prepared by combining 15 pL of APTES with 75 uL
of TEOS. The concentration of TEOS was adjusted
the morphology of the
experimental product. After the previous step’s

accordingly based on

30-min reaction, 30 pL of the mixed solution was
added, and the high-temperature reaction continued
for 2 h. Upon completion, the
discontinued, allowing the temperature of the reaction
system to gradually return to ambient conditions

heating was

under continuous stirring. The PC membrane was
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carefully removed using clean forceps and placed in
deionized water. Both sides of the membrane were
meticulously wiped with a lint-free cotton swab.
Stubborn residues were addressed by gently scraping
off excess Si-based material using neutral aluminum
until  the
Subsequently, the membrane was rinsed on both sides

chloride surface became smooth.
with deionized water. To release the SIMMs from the
membrane, it was dissolved in CH,Cl,. If dissolution
was ineffective, ultrasonication was employed. The
solution was then centrifuged twice with CH,Cl,,
EtOH, and deionized water (at 8 000 r/min for 10 min
each at —4 °C). Finally, the prepared SiMMs were

stored in deionized water.

Synthesis of gold core-silver shell SERS
nanoprobes

We added 50 pL of 20% chloroauric acid solution to
100 mL of deionized water, and then heated the
reaction system to boiling, followed by adding 4 mL
of 1%
continued heating and stirring the mixture for 30 min
until a wine-red color appears. We took 50 mL of the
solution and continued stirring (600 r/min). Once the

sodium citrate solution dropwise. We

reaction system stabilizes, we added the required
Raman molecules (DTNB, 50 pL), and let the
reaction proceed for 12 h under stirring conditions.

Surface functionalization and drug loading of
SiMMs

1 mg of FITC dye was weighed and mixed with
1.5 mL of deionized water containing SiMMs. The
mixture was placed on a shaker overnight for 12 h.
Afterward, the solution was centrifuged three times to
remove the supernatant, and the fluorescence effect
was observed using a fluorescence microscope with a
488-nm laser wavelength.

Next, Fe;0, magnetic nanoparticles were prepared
by dissolving 5.4 g of ferric chloride (0.02 mol) and
2 g of ferrous chloride (0.01 mol) in 40 mL of
deionized water, heating the solution to 80 °C, rapidly
adding 8 mL of ammonia, and stirring vigorously for
1 h. A solution of 3 g of sodium citrate melted in
10 mL of water was then dripped into the above
solution and heated to 90 °C for 100 min. After
separation using a magnet and washing with water via
centrifugation, the magnetic nanoparticles
dissolved in 10 mL of water, resulting in
nanoparticles of ~ 50 nm in diameter.

WCEre

Approximately 100 pL of the magnetic

nanoparticle solution was added to the completed
solution, leading to the modification and purification
of the magnetic nanoparticles through electrostatic
adsorption. The Au@DTNB@Ag nanoparticles were
also modified using a similar procedure. The prepared
SiMMs solution (2 mL) was centrifuged and washed
three times with deionized water at 8 000 r/min for 10
min each. The precipitate was then mixed with 1.5
mL of deionized water and 100 puL of a 5% aqueous
solution of glutaraldehyde, and placed on a shaker in
a constant-temperature water bath overnight (8—12 h).
Following this, the solution was centrifuged and
washed three times with deionized water as before.
Subsequently, 1.5 mL of deionized water was added,
and the solution was shaken. 16 mg of AAPH was
then added, and the tube was sealed, shielded from
light, and left on a shaker in a constant-temperature
water bath overnight (8-12 h) with ice packs to
prevent AAPH decomposition. After completion of
the reaction, the tube was removed, washed three
times with deionized water.

Cell capture

100 pL of 5% glutaraldehyde aqueous solution was
added to 1.5 mL of SiMMs-AAPH solution. After
12 h, the mixture was centrifuged 3 times with PBS
solution, and then the lower precipitate was dissolved
in 400 pL of PBS solution. After 1 pL of 1 mg/mL
CD63 adapter was added, the centrifuge tube was
placed on a constant temperature water bath shaker
for 4 h and centrifuged to remove unbound adapters.
After staining and being washed thrice with PBS,
400 pL of PBS was added. 100 pL of SiMMs-
AAPH@CD63 micromotor solution was added to the
stained eight-well plate, followed by being pipetted
back and forth three times, sealed, and placed in a cell
culture incubator for 2 h. We removed the eight-well
plate, aspirated the supernatant, and washed it thrice
with PBS to remove apoptotic cancer cells and
SiMMs-AAPH micromotors that did not capture cells
successfully. We placed the prepared samples under a
Raman spectrometer for observation.

SERS mapping analysis

After completing cell SERS mapping
analysis was performed. Once data is collected, we

capture,
processed the data and reconstructed images using the
analysis tools provided by Labspec5.

Fluorescence imaging of SiMMs

Utilizing a fluorescence microscope, we initially

https://www.sciopen.com/journal/2150-5578
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observe SiMMs drug-loaded micromotors under a
bright-field 100x
Subsequently, FITC was excited using a 488-nm laser
to observe the fluorescence characteristics of SIMMs,
demonstrating their fluorescence tracking capability.

using a objective  lens.

MSD motion analysis

Take 1 mL of the prepared SiMMs aqueous solution
and place it in an 8-well plate. Use the ultra-high-

resolution fluorescence microscope with ZEN
software for capturing images. Brief steps are as
follows: Locate the free SiMMs drug-loaded

micromotors in the solution under the 100x oil lens
field of view. Use a custom-made magnetic field to
attract the SiMMs and control their directional
movement. Set appropriate capture parameters in the
ZEN software, with an exposure time of 100 ms,
capturing 5 000 frames of images exported in video
format. Import this video into image processing
software Imagel. Use the Particle Tracker plugin to
extract particle motion trajectories. Export the
trajectory data in text format and calculate the
average mean square displacement (MSD) for each
time interval using Excel. Plot the calculated MSD
values against the time intervals, which the x-axis
represents the time intervals, and the y-axis represents
the corresponding MSD values. Use Origin software
to draw the MSD curve.

Blood cell capture experiment

Initiate the procedure by performing membrane-
specific fluorescent staining of MDA-MB-231 cells.
Subsequently, add the stained MDA-MB-231 cells to
normal human blood to simulate clinical tumor
patient blood samples. Proceed with the cell capture
experiment. Place the sample under a fluorescent
microscope for co-localization
Use a magnetic field to control the
motors and move them toward the vicinity of the

cancer cells for targeted capture.

imaging and
observation.

Detection of intracellular carbon-centered

free radicals

Inoculate MDA-MB-231 cells in two wells of the
same eight-well cell culture dish. After 48 h of
incubation in the cell culture incubator, introduce
SiMMs-AAPH@CDG63 and non-drug-loaded
SiMMs@CD63 into the respective wells and continue
incubation in the incubator for 1.5 h. Following the
incubation period, expose the eight-well plate to AMF

for 1 h. Subsequently, wash the cells three times with
PBS solution and stain them with 2 upmol/L
H,DCFDA probe at 37 °C for 30 min. Visualize with
a fluorescence microscope using 488 nm laser
excitation.

Cell viability staining

Take seven experimental groups, aspirate the culture
medium, and add 150 puL of 2 pumol/L Calcein AM
and 2 pL of propidium iodide (PI) to each sample.
Return the 6 sets of samples to the cell culture
incubator for 15 min to ensure thorough staining and
prevent cell apoptosis due to external conditions.
Afterward, remove the seven sets of samples, aspirate
the supernatant, wash twice with PBS solution, add
400 uL of PBS buffer,
fluorescence microscope. Excite Calcein AM and PI

and observe under a

using 488-nm and 543-nm lasers for imaging and
observation.

Viability Assay

MDA-MB-231 cells were seeded in 96-well plates
and incubated at 37 °C for 24 h. Subsequently, the
cells were subjected to various treatments to assess
their cytotoxic effects. After the incubation period,
the CCK-8 solution was introduced and incubated for
an additional 12 h. The percentage of viability was
then adjusted based on the untreated cells.

Result and Discussion

Characterization of SiMMs

The fabrication process of SIMMs is shown in Fig. 1.
The process
preparation of silicon microtube carriers using a

entire  preparation involves  the
template method, as well as the functionalization

treatment of carriers.

The morphology of SIMMs is analyzed using TEM,
SEM and optical microscopy (Figs. 2(a)-2(c)). The
TEM

nanoparticles

image of the prepared Fe;O,
their size,
approximately 50 nm, and excellent dispersibility.
Images under bright-field optical microscopy unveil

magnetic

shows uniform

the uniform embedding of magnetic nanoparticles and
core—shell gold-silver nanoparticles on the surface of
SiMMs. In the SEM image of silica microtubes, the
surface appears rough and exhibits a hollow columnar
structure, with a length ranging approximately from
10 to 15 pum. The rough surface enhances the specific
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Fig. 1 Schematic diagram of the preparation process and working principle of SiMMs.

surface area, facilitating the entry of various

functionalization factors into the interior of the
microtubes, thereby maintaining the stability of drugs
during transportation [41]. Additionally, the hollow
structure facilitates fluid flow, which is advantageous
for the movement of SIMMs in the bloodstream [42].
To validate the success of each step in the preparation
of SiMMs, TEM,
spectroscopy (EDX) elemental analysis is employed,
as shown in Fig. 2(d). The red portion represents O

elements, mainly derived from APTES and Fe;O,

and energy-dispersive X-ray

nanoparticles. The yellow portion corresponds to Si
elements from the silicon tubes. The blue portion
represents Ag elements. The dark red portion stands
for Au elements, both originating from the core—shell
The
symbolizes Fe elements from the Fe;O, magnetic

gold-silver  nanoparticles. green  portion
nanoparticles. To further demonstrate the successful
modification of SiMMs, the surface potential of
SiMMs was characterized at different stages of the
functionalization process, as shown in Fig. 2(e). The
surface potential of the SIMMs framework is (18.76 =
0.84) mV, positively charged. The negatively charged
Fe;O, magnetic nanoparticles and core—shell gold-
silver SERS nanoprobes are easily modified into the
charged SiMMs  through  strong

interactions, resulting in a surface

positively
electrostatic

potential of (-20.07 + 2.57) mV for SiMMs.
Subsequently, by linking the amino group on AAPH
with the aldehyde group on the other end of
glutaraldehyde to load AAPH onto the SiMMs, a
partially neutral covering layer is formed that reduces
the overall negative charge on the surface, leading to
an increase in the surface potential of (—12.8 +
0.40) mV for SiMMs loaded with AAPH (denoted as
SiMMs-AAPH). Therefore, it can be demonstrated
that SiMMs-AAPH were successfully prepared via a
simple template-assisted ALD method.

Motion behaviors of SiMMs

The investigation into the motion trajectories of
SiMMs under the influence of a magnetic field was
conducted using optical microscopy, as shown in
Fig. 3(a). The motion trajectories and mean square
displacement (MSD) analysis results were consistent
with those reported in the literature [43]. Due to the
diameter of SiMMs being greater than 400 nm, the
rotational diffusion coefficient of the micromotors
was relatively low, resulting in stable motion under
magnetic field control, in stark contrast to the random
and uncoordinated motion of SiIMMs observed in the
absence of an AMF (Video SI in the Electronic
Supplementary Material (ESM)). All position data
recorded in Fig. 3(a) was analyzed applying the MSD

https://www.sciopen.com/journal/2150-5578
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Fig. 2 Morphology and elemental characterization of SIMMs. (a) SEM image of Fe;0, nanoparticles; (b) bright-field image of the
complete structure; (¢) SEM image of silica microtubes; (d) EDX elemental analysis of SIMMs; (e) surface zeta potential during
the functionalization process of microtubes: (1) the potential of the prepared Si-based microtubes is (18.76 + 0.84) mV;
(2) the potential of the complete SiMMs is (-20.07 + 2.57) mV; (3) the potential after drug loading is (—12.8 + 0.40) mV.

350
00} (®) 400} (c) .
:g 250 «’g 300 /’/
5 200 i 4
2 150 g 200 /,,«
= 100 = f
100 /
50 o
0 A et L L
01 2 3 456 7 89 0 1 2 3 4 5 6 7
Time interval At (s) Time interval At (s)
800
800} (d) 700} (e)
600
E 600 fﬂN £ 500
2 2 400
2 400 2 300
= = 200
200 100
0 0 i i i i 2 i i
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7

Time interval At (s)

Time interval At (s)

Fig. 3 (a) Motion tracking trajectories of SiMMs (44 s in Video S2 in the ESM); MSD of three individual SiMMs (b)—(d) and the

averaged result (e).
formula:
MSD = | r(n)-r(0) |’ (1)

where 72 represents the average of the squared
displacements.

The analysis focused solely on the motion of
individual particles, 7 represents only the square of
the displacement, r(f) denotes a function of time, and
7(0) represents the original coordinates of the SiMMs.
Figs. 3(b)-3(e) reveal an increasing slope of the MSD
versus At over time, suggesting a consistent rate of
drift in a particular direction. Analysis of the motion
trajectories of three different SIMMs (Figs. 3(b)-3(d))
reveals no significant differences in MSD values.

This demonstrates that the direction control of
SiMMs during motion is precise, despite potential
variations in speed. These results collectively
confirmed the excellent magnetically controlled

directional motion of SiMM:s.
Optical tracking capability

The modification with FITC dye confers fluorescent
properties to the SiMMs. Fig. 4(a) shows the
fluorescence spectrum of SIMMs with an excitation
wavelength of 488 nm, indicating an obvious FITC
signal. Fig. 4(b) displays a bright-field image of the
SiMMs under a fluorescence microscope, Fig. 4(c)
shows the fluorescence image of the same SiMMs

https://www.sciopen.com/journal/2150-5578
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Fig. 4 (a) Fluorescence spectrum of SiMMs; (b) bright-field image of SIMMs under a fluorescence microscope; (¢) fluorescence
image of SIMMs under 488-nm excitation; (d) overlay of (b) and (c); (d) SERS mapping of SiMMs incubated with MDA-MB-231

cells; (e) SERS spectrum of SiMMs.

under 488-nm laser excitation, with the entire
exhibiting green fluorescence. This
characteristic provides strong support for subsequent

microtube
cell capture using fluorescence co-localization
techniques.

Despite numerous significant advantages of optical
imaging techniques, fluorescence imaging still faces
some challenges, such as the instability of continuous
tracking with fluorescent dyes and their limited
penetration ability when encountering deep tissues
[44]. SERS tracking leverages the unique Raman
signals on the surface of nanoparticles to identify
SiMMs [45]. This technique offers unparalleled
advantages in locating SIMMs in complex biological
environments due to its extremely high sensitivity and
[46].
Therefore, the combination of fluorescence imaging

specific molecular recognition capabilities

and SERS tracing is a fine choice.

To check the SERS tracking ability of the SiMMs
working with cells, the MDA-MB-231 cells were
captured using SiMMs (modified with CD63
aptamers), and SERS mapping was conducted on
captured cells (Fig. 4(e)). Further analysis revealed
that the SERS characteristic peaks of SiIMMs were
consistent with DTNB (Fig. 4(f)). The enhancement
of SERS signal under cellular environment can be
attributed to the higher surface roughness of SiMMs,

facilitating the adsorption of more SERS probes,
increasing the number of SERS hotspots, and
significantly enhancing the SERS signal. The results
demonstrated that SiMMs exhibit outstanding SERS
tracking capabilities. The tracking in both SERS and
fluorescence modes provides a powerful means for
monitoring and tracking the treatment process. This
combination offers a synergistic approach that
maximizes the strengths of both techniques while
addressing their respective limitations. Fluorescence
tracking enables rapid and intuitive localization of
SiMMs, while SERS signals validate and precisely
pinpoint their positions, ensuring high detection
accuracy. Furthermore, fluorescence allows real-time
observation of SiMMs’ dynamic changes, such as
motion and distribution, whereas SERS can confirm
critical events like drug release and cellular uptake.
Together, these complementary techniques provide a
comprehensive understanding of SiMMs’ behavior in
biological significantly
enhancing their potential for therapeutic applications.

complex environments,

Capture cancer cells in human blood

To validate the cell-capturing capability of SiMMs-
AAPH drug-loaded micromotors in human blood,
experiments were conducted to capture MDA-MB-
231 cells using CD63 aptamer modified SiMMs-
AAPH (denoted as SiMMs-AAPH@CD63). CD63, a
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of the
protein family, is highly expressed on the surface of
triple-negative breast cancer (MDA-MB-231) cells,
making it an ideal target for this study. By employing
the CD63 aptamer, which offers high affinity and
specificity, we aimed to achieve effective recognition
and capture of MDA-MB-231 cells, enhancing the
targeting efficiency and therapeutic potential of the

member lysosome-associated membrane

micromotors. Initially, cell capture experiments were
performed in PBS buffer. Fluorescence microscopy
was employed to observe the capturing status by co-
localizing the fluorescence of SiMMs-AAPH and the
stained cell membrane. Fig. 5(a) represents the
channel excited by a 488-nm laser, displaying green
fluorescence due to the FITC dye conjugated on
SiMMs-AAPH. Fig. 5(b) corresponds to the channel
excited by a 561-nm laser, showing red fluorescence
from the DiD cell membrane dye with an emission
wavelength of 663 nm. Fig. 5(c) depicts the overlay
of the two images, indicating close proximity of the
fluorescence signals from the FITC dye channel and
the DiD-stained cell membrane channel, suggesting
that SIMMs-AAPH are tightly connected to the cell
surface. It was observed during the experiment that
slight external disturbances did not cause detachment
of SiMMs-AAPH from the cell surface, indicating the

successful capture of MDA-MB-231 cells through
SiMMs-AAPH@CD63.

To further validate the cancer cell capturing
capability of SIMMs-AAPH@CD63 in human blood,
we used blood samples from healthy individuals and
added MDA-MB-231 cells to simulate the blood
status of cancer patients. Cell capture experiments
were conducted using this blood sample. Similarly,
from the overlaid image (Fig. 5(f)), it is evident that
SiMMs-AAPH@CDG63 are present on the surface of
MDA-MB-231 cells, indicating the successful capture
of cancer cells in environment. Thus, the tumor cell-
targeting capture ability of SIMMs is unaffected by
the complex blood environment.

Generation of intracellular free radicals

AAPH generates a substantial amount of carbon-
centered radicals under heated conditions. To verify
that SiMMs-AAPH@CD63 can produce localized
heating and decompose the AAPH loaded onto
SiMMs-AAPH@CD63 under AMF, we investigated
the generation of free radicals using the H,DCFDA
probe. H,DCFDA is a non-fluorescent compound that

penetrates live cells and is oxidized by radicals to
highly
(DCF).

fluorescent
The

produce the 2°,7°-

dichlorofluorescein excitation

Fig. § Capture of MDA-MB-231 cells by SiMMs-AAPH@CD63. In PBS: (a) FITC dye channel; (b) DiD stained cell membrane
channel; (¢) overlay of channels (a) and (b); in blood: (d) FITC dye channel; (e) DiD stained cell membrane channel; (f) overlay

of channels (d) and (e).
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wavelength for DCF is 492—495 nm, and the emission
wavelength is 517-527 nm [47]. Four control groups
were set up to eliminate other factors that could
interfere with the experiment. Fig. 6(a) represents
untreated cells. Fig. 6(b) represents the second control
group where only AAPH was added to the well plate.
Fig. 6(c) displays the third control group, where
SiMMs-AAPH without CD63 were added to the well
plate. In the fourth control group depicted in Fig.
6(d), SIMMs@CD63 without AAPH were added, and
the well plate was placed under AMF for 30 min. It is
evident from the images that in the four control
groups, only low background green fluorescence
signals were observed, the results showed that
untreated cells exhibited a low level of green
This
centered radicals are naturally produced during
their
relatively low under normal physiological conditions.
However, in Fig. 6(e), under AMF, MDA-MB-231
cells treated with SiMMs-AAPH@CD63 exhibit
bright green fluorescence signals. This observation

fluorescence. indicates that while carbon-

cellular metabolic processes, levels are

suggests that the prepared drug-loaded micromotors
can indeed generate a high level of free radicals
within the cells under AMF.

Therapy effects in vitro

Having confirmed the ability of SiMMs-
AAPH@CDG63 to generate free radicals in MDA-MB-
231 cells, we further investigated the in vitro
anticancer potential of SiMMs-AAPH@CD63. To
elucidate the synergistic anticancer effects of SIMMs-
AAPH@CD63, confocal laser scanning microscopy
(CLSM) was employed to directly observe live and
dead cells based on fluorescence signals. Live cells
were stained with Calcein AM, while dead cells were
stained with PI. As shown in Figs. 7(a)-7(e),
significant green fluorescence signals were observed
in the AAPH treatment group, SiMMs treatment

(a) (b) (c) C)

group, SiMMs-AAPH treatment group, and
AAPH+AMF treatment group, with sporadic red
fluorescence attributed to natural apoptosis of MDA-
MB-231 cells. This indicates that SIMMs-AAPH and
AMF individually demonstrate high biocompatibility
and low cytotoxicity. In contrast, when MDA-MB-
231 cells were incubated with SiIMMs under AMF for
30 min, the CLSM images displayed an increase in
red fluorescence signals (Fig. 7(f)). This result
validates that the magnetic hyperthermia effect of
SiMMs can induce cell death in MDA-MB-231
cancer cells to a certain extent, although the lethality
is limited. Importantly, when MDA-MB-231 cells
incubated with SiMMs-AAPH and then
subjected to AMF, a significant increase in red
fluorescence signals was observed (Fig. 7(g)). These
findings confirmed that the combination of free
radicals generated by SiMMs-AAPH and magnetic
hyperthermia under AMF can effectively kill MDA-
MB-231 cancer cells, enhancing the efficacy of
magnetic hyperthermia.

weEre

Furthermore, the in vitro therapeutic potential of
SiMMs-AAPH@CD63 was investigated via cell
counting CCK-8 assay. As shown in Fig. 7(h), no
significant cytotoxicity was detected after incubating
MDA-MB-231 cells with AAPH, SiMMs, SiMMs-
AAPH, and AAPH+AMEF for 12 h. We then assessed
the AMF-stimulated cytotoxicity of SiMMs toward
MDA-MB-231 cells. The survival rate of MDA-MB-
231 cells treated with SiMMs+AMF declined to
72.7% AMF stimulation for 30 min.
Importantly, SiMMs-AAPH exhibited augmented
anticancer efficacy in comparison with that of SiMMs
under AMF. The cellular survival rate was
approximately 32.8% for the SiMMs-AAPH+AMF
group, which was markedly less than that of 72.7%
for the SiMMs+AMF group under the same
condition. These results indicated that the rapid

upon

generation of free radicals induced by the magnetic

Fig. 6 Experiment on the generation of intracellular carbon-centered free radicals. (a) Untreated cells; (b) cells treated with only
AAPH; (c) cells treated with SIMMs-AAPH; (d) cells treated with SIMMs@CD63 and subjected to AMF; (e) cells treated with

SiMMs-AAPH@CD63 and subjected to AMF.
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Fig. 7 Fluorescent images of MDA-MB-231 cells stained for live-dead viability assay. (a) Cells treated with PBS; (b) cells treated
with AAPH; (c) cells treated with SIMMs@CDG63; (d) cells treated with SIMMs-AAPH@CDG63; (e) cells treated with AAPH and
subjected to AMF; (f) cells treated with SIMMs@CDG63 and subjected to AMF; (g) cells treated with SiMMs-AAPH@CD63 and
subjected to AMF; (h) CCK-8 assay of the viability of MDA-MB-231 cells under different treatments. To be considered
statistically significant, the P value should be < 0.05. The range of P values is indicated by the number of the label *, i.e., *P <

0.05; **P < 0.01; ***P < 0.001.

hyperthermia effect can effectively accelerate cancer
cell death, further wvalidating the
therapeutic effect of magnetic hyperthermia and free
radicals.

synergistic

To assess the efficacy and advantages of SiMMs,
we conducted a survey of existing drug delivery
micromotors (Table 1). As shown in Table 1, other
drug-loaded micromotors typically rely on a single
tracking method, such as fluorescence, MR or IR,
though widely used, have inherent drawbacks. For
instance, MRI-based systems, such as
Fe;0,@PTADE and PHIONs-AIPH, can suffer from
limited spatial resolution, especially when targeting
small or deep tissue regions. Furthermore, MRI is
typically more expensive and requires specialized
equipment. Similarly, IR imaging, used in IONC-
AAPH, has
fluorescence or SERS, particularly in detecting low

lower sensitivity compared to

concentrations of micromotors. It can also be
hindered by scattering, limiting its
effectiveness in vivo. In contrast, SIMMs leverage

tissue

both SERS and fluorescence for real-time tracking,
combining the high sensitivity and specificity of
fluorescence with the unique Raman fingerprinting
capability of SERS. This dual-mode approach not
only provides better sensitivity and precision in
tracking but also overcomes the limitations of single
imaging techniques, enhancing both therapeutic
monitoring and treatment efficacy.

Additionally, SiMMs achieve a killing efficiency
of 72.7%, which is competitive when compared to
other micromotors. The combination of these features
positions SiMMs as a promising candidate for
targeted drug delivery and therapeutic applications,
offering advantages in real-time monitoring and
therapeutic precision over existing systems.

Table 1 Comparison of different types of drug-loaded micromotors.

Type of drug-loaded micromotor Tracking method Killing efficiency
IONC-AAPH [11] IR 52.1%
MSN-Pt@TA [48] Fluorescence 85.2%

Fe;04@PTADE [47] MRI 49.6%
PHIONs-AIPH [49] MRI 70%
Mag@MSNs@AIPH[50] MRI 80%
PHPF NMs [51] Fluorescence 78%

SiMMs-AAPH (this work) SERS and fluorescence 72.7%
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Conclusions

SiMMs is promising for drug delivery and targeted
cancer therapy. To enhance SiMMSs’ therapeutic
potential, a multifunctional magnetic hyperthermia-
responsive drug-loaded micromotor was fabricated by
integrating silicon microtubes, magnetic
nanoparticles, metal nanoparticles, and biological
ligands. This functionalized micromotor combined
magnetic guidance, drug delivery, and real-time
monitoring modules, realizing magnetic hyperthermia-
free radical synergistic therapy. Such a controlled and
targeted strategy could enhance the efficiency of
chemotherapy while concurrently reducing side
effects toward healthy tissues, which holds excellent
prospects in anticancer therapy. Such a controlled and
targeted strategy could enhance the efficiency of
chemotherapy while concurrently reducing side
effects toward healthy tissues, which holds excellent
prospects in anticancer therapy. Future efforts will
focus on improving biodegradability,
biocompatibility, and targeting efficiency to advance
the in vivo and clinical applications of SiMMs.
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