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Abstract

Considerable attention is given to drug delivery technology that efficiently delivers appropriate levels of drug molecules to
diseased sites with significant therapeutic efficacy. Nanotechnology has been used to develop various strategies for targeted
drug delivery, while controlling the release of drugs because of its many benefits. Here, a delivery system was designed to
control drug release by external magnetic fields using porous silica and magnetic nanoparticles. Magnetic nanochains (MNs)
of various lengths (MN-1: 1.4 +0.8 pm, MN-2: 2.2+ 1.1 pm, and MN-3: 5.3 +2.0 pm) were synthesized by controlling
the exposure time of the external magnetic force in magnetic nanoaggregates (MNCs). Mesoporous silica-coated magnetic
nanochains (MSMNs) (MSMN-1, MSMN-2, and MSMN-3) were prepared by forming a porous silica layer through sol—gel
polymerization. These MSMNs could load the drug doxorubicin (DOX) into the silica layer (DOX-MSMNs) and control the
release behavior of the DOX through an external rotating magnetic field. Simulations and experiments were used to verify the
motion and drug release behavior of the MSMNs. Furthermore, a bio-receptor (aptamer, Ap) was introduced onto the surface
of the DOX-MSMNs (Ap-DOX-MSMN:s) that could recognize specific cancer cells. The Ap-DOX-MSMNs demonstrated
a strong therapeutic effect on cancer cells that was superior to that of the free DOX. The potent ability of these MSMNSs as
an external stimulus-responsive drug delivery system was proven.
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1 Introduction

Cancer, a disease with a high mortality rate worldwide, is
caused by both genetic and environmental factors [1-3].
Cancer cells grow and multiply rapidly in the body. Chemo-
therapy is the most common method used to treat cancer
because it uses powerful chemical drugs (chemotherapeutic
agents) to kill these fast-growing cells. Although conven-
tional chemotherapy has proven effective, the systematic
toxicity of the drug molecules and poor tumor selectivity
can cause damage to healthy tissues which is a major chal-
lenge [4-8].

To reduce the toxicity of chemical drugs, a dose lower
than the optimal is often used; however, this results in a
diminished therapeutic effect. Considerable effort has been
made to improve the therapeutic efficacy through the effec-
tive delivery of sufficient drug molecules to the tumor site
[9, 10]. For decades, researchers have investigated nano-
particle-based drug delivery systems (DDS) that exploits
the advantages of nanotechnology to effectively treat cancer
while simultaneously suppressing the side effects [11-13].
The nanoparticle-based DDS facilitated an efficient treat-
ment strategy by loading a sufficient amount of the drug
into the nanoparticles and effectively delivering it into the
cancer tissues. However, side effects occurred during the
administration of nanoparticle-based DDS that were caused
by a sustained drug release that was not controlled by dif-
fusion. Therefore, the development of a technology to con-
trol drug release at the target site and correct the timing is
imperative to prevent indiscriminate drug administration [7,
14-19]. A novel concept in advanced DDSs is the use of
tailored nanoplatforms to introduce activatable nanoparti-
cles that provide a stimuli-responsive drug release based on
controllable external stimuli such as magnetic fields (MF),
pH, temperature, and radicals [1, 7, 20-33].

In this study, mesoporous silica-coated magnetic nano-
chains (MSMNs) were developed with chain-formed mag-
netic nanoclusters (magnetic nanochains, MNs) in the
core and mesoporous silica-coated shells for a smart drug
delivery that enabled "on-demand" drug delivery when

a) Magnetic nanocluesters (MNCs)
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to each side

b) Magnetic nanochains (MNs)

an external stimuli was applied [21, 31]. This was accom-
plished because the mesoporous silica produced by sol-gel
polymerization had a uniform dispersion and easily sup-
ported the drugs in a porous structure, and the magnetic
nanochain could be rotated by an external MF to control
the drug release behavior. This system achieved a superior
effective cancer treatment by allowing a remote-controlled
drug release under external MF regulation [29].

2 Results and Discussion

In this study, MSMNs were fabricated as smart drug deliv-
ery carriers by combining magnetic assembly and sol—gel
processes. First, monodispersed magnetic nanoclusters
(MNCs) were prepared by solvothermal synthesis using
an autoclave reactor (Fig. 1 and S1) [34, 35]. Thereafter,
MNs were assembled into chains by applying an exter-
nal MF, while coating the synthesized MNCs with a thin
silica layer (Fig. 1) [36]. Mechanically robust MNs were
formed by depositing silica onto the MNCs, arranged in a
row, under an external MF. This process was controllable,
despite the long axis lengths of the MNs, by changing
the duration of the MF exposure time (4, 8, and 16 s).
The morphology and shape were analyzed by transmission
electron microscope (TEM) and scanning electron micro-
scope (SEM) images, respectively (Fig. 2). As shown in
Fig. 2, long-length MNs were formed with increasing
application of the external MF; the MNs were named
MN-1, MN-2, and MN-3 for 4, 8, and 16 s, respectively
(MN-1: 1.4 +0.8 pm, MN-2: 2.2+ 1.1 pm, and MN-3:
5.3 +2.0 pm). The inorganic composition ratio, analyzed
by thermogravimetric analysis, corresponded to the MNCs
in each MN and was approximately 82-87 wt% (Fig. S2a).
Furthermore, their magnetic properties exhibited super-
paramagnetism; thus, there were no residual or coercive
forces at 300 K, and the saturation magnetization values
(Ms) were 90.8, 96.3, and 103.8 emu/g for MN-1, MN-2,
and MN-3, respectively (Fig. S2b). The MNs showed typi-
cal X-ray diffraction (XRD) patterns for magnetite (JCPDS
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Fig. 1 Illustrations of the synthetic procedures of a magnetic nanoclusters (MNCs), b magnetic nanochains (MNs), and ¢ mesoporous silica-

coated MNs (MSMNs)
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Fig.2 a SEM images and b TEM images of (i) MN-1, (ii) MN-2, and (iii) MN-3

no. 19-629). However, the XRD pattern of the MNs was
broad because of the amorphous silica coating on the sur-
face, whereas the XRD pattern of the MNCs was sharp
(Fig. S2¢).

Thereafter, the MSMNs were fabricated by overcoat-
ing the MN with an additional silica mesoporous layer to
encapsulate the DOX drug molecule structure. Cetyltri-
methylammonium bromide (CTAB) served both as the sta-
bilizing surfactant for the MN and as an organic template
for the formation of mesopores by the sol—gel reaction. An
acetone solution was used to remove the CTAB template
from the synthesized MSMNs to prepare a space to load
the DOX. The N2 adsorption/desorption isotherms (Fig. 3a)
and TEM images (Fig. 3b) confirmed that each MSMN was
a mesoporous surface. BET surface area analysis confirmed
that the surface area per gram of MSMN increased as the
chain length of MSMN decreased (MSMN-1: 65.35 m?/g,
MSMN-2: 55.81 m%/g, and MSMN-3: 43.36 m%/g) (Fig. 3c).
Therefore, the shorter the length, the more space (pores)
available for DOX loading.

The MSMNs were randomly dispersed in solution in
the absence of an external MF; however, they immediately
aligned according to the direction of the MF when an exter-
nal MF was applied (Fig. 4). Because the magnetic moment
was oriented in the direction of the MF, the rotational and
translational motion of the prepared MSMN could be con-
trolled with precision by applying a rotating MF (Video 1,

@ Springer <KBCS

Video 2, and Video 3). These videos show optical micro-
scope images of a rotating MSMN, taken at time intervals
0of 0.20 s.

The rotation of the MSMNs with respect to the rota-
tion frequency was highly dependent on the length of the
MSMN:S. Interestingly, the rapid rotation effect was observed
in the short-length MSMNss; whereas, a rather sharp decrease
in rotational speed was observed in the long-length MSMN’s
with the application of high rotational frequencies in the
same MF. The rotation motion of MSMN-1 and MSMN-2
was induced by an external rotating MF.

The movement of the MSMNSs by the rotating MF gener-
ated the fluid (medium, buffer) motion that accelerated the
rotation of the entire system. However, a rotational motion
of MSMN-3 was not observed under the same conditions
(Video 3). This phenomenon was mathematically simulated.

The magnetically driven rotation of an MSMN is schemati-
cally illustrated in Fig. S5. The external MF with frequency o
and strength H was applied in the horizontal plane (X-Y plane)
at an instantaneous angle 6,, around the Z-axis (v, = df /dt).
The pre-magnetized MSMN tended to follow the rotating field
with the long axis positioned in the same plane and an instanta-
neous angle of 6,. However, a lag angle 6; between the MSMN
and field directions 8; = 0, — 6,, always existed because of
inertia and viscous drag from the surrounding medium. In addi-
tion, the MSMN rotating frequency w, (=d6,,/dt) usually dif-
fered from wy, in the dynamic process. The MSMN rotation
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Fig.3 a The N, adsorption/desorption isotherms (blue: MSMN-1, red: MSMN-2, and green: MSMN-3), b The surface area of the MSMNs
obtained by BET analysis, and ¢ Confirmation of mesoporosity by TEM image of MSMN (Inner rectangular is expanded by MSMN imaging)
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Fig.4 Darkfield images of the motion of each MSMN under an external rotating magnetic field (MF) a OFF and b ON for (i) MSMN-1, (ii)
MSMN-2, and (iii) MSMN-3
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was governed by the magnetic torque, fluid viscous torque, and
Brownian motion. The magnetic torque provided the driving
force for the MSMN motion; whereas, the viscous torque acted
as the resisting mechanism. The Brownian motion may have
affected the rotation dynamics because of the extremely small
size of MSMN; however, this was ignored to expedite the theo-
retical calculation. As shown in Fig. 5, MSMN-1 and MSMN-2
had stable circular motion according to the rotation of the exter-
nal MF, whereas the rotation of MSMN-3 was blocked by the
fluid resistance acting on the long chain length that was greater
than the rotational force of the MF.

To confirm whether the drug release by the MSMNs could
be controlled by an external MF, the anticancer drug DOX was
loaded into the MSMNs to obtain DOX-MSMNss (Fig. 6a). The
DOX loading amounts in MSMN-1, MSMN-2, and MSMN-3
were 60.9, 55.2, and 49.4 pg DOX per mg of MSMN, respec-
tively. The DOX molecules were potentially adsorbed into the
mesoporous surface of the MSMNSs via electrostatic interaction
and hydrogen bonding. The DOX-MSMNs were dispersed in
a buffer solution, and a rotating MF with a rotation frequency
of 64 Hz was applied; the drug release patterns of the MSMNs
were controlled by the presence (ON) or absence (OFF) of an
external rotating MF at 10-min intervals (Fig. 6b). Although
DOX was released to some extent by diffusion, the amount of
drug released increased rapidly in the presence of MF, even

when external stimulation was absent. The amount of DOX
released in response to the external MF rotation frequency
increased as the length of MSMN decreased. The amount of
DOX released, under an external rotating MF, by MSMN-1
increased by an average of 13.3% and 16.5%, compared to
MSMN-2 and MSMN-3, respectively. This was because the
short-length MSMN-1, under an external rotating MF, had a
stable rotation in comparison with MSMN-2 and MSMN-3,
as demonstrated in the simulation results above. Therefore, the
drug release behavior of MSMN can be externally controlled by
the rotation of a MF. MSMN-1, which could support a sizeable
amount of drug per unit volume with a large surface area, was
selected and applied to the epidermal cancer cells (A431 cells).

The A431 cells were first treated with various concentra-
tions of MSMN-1 and incubated to evaluate the cytotoxicity of
MSMN-1. As shown in Fig. S3, the cell viability was almost
100% even after 24 h of incubation, indicating that the MSMN-1
did not induce cytotoxicity. Notably, no significant cytotoxicity
was observed at the highest concentrations (< 10 pgg/mL); the
MNCs, which are inorganic compounds, in the mesoporous silica
matrix were well protected and showed low cytotoxicity. Fur-
thermore, the performance of MSMN as a smart drug delivery
system was evaluated by introducing an aptamer, i.e., a bio-recep-
tor targeting specific cells, onto the surface of DOX-MSMN-1.
When DOX was loaded into MSMN-1, the anti-epidermal
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Fig.5 Simulation of MSNC rotation under an external magnetic field with a rotation frequency of 64 Hz. a angle and b rotational motion graph

of (i) MSMN-1, (ii) MSMN-2, and (iii) MSMN-3
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Fig. 6 a Illustration of the drug a) b)
release caused by the rotation of
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growth factor receptor (EGFR) aptamer (Ap) was also bound to
the surface of MSMN-1 to form Ap-DOX-MSMN-1. As verified
in our previous study [37], the Ap used in this study exhibited a
high binding affinity to EGFR, indicating that it had a target effect
on EGFR-overexpressed A431 cells.

After binding Ap-DOX-MSMNs to the target cancer
cells, DOX was rapidly released by the Ap-DOX-MSMNs
by controlling the external MF. The DOX was efficiently
internalized into the cells, resulting in the death (treatment)
of the target cancer cells (Fig. 7a).

The A431 cells were incubated with the same concen-
tration of Ap-DOX-MSMN for different exposure times
(30 min, 2 h, and 4 h) and washed to remove unbound Ap-
DOX-MSMNs. After applying a rotating MF to the cells,
they were incubated for an additional 24 h to allow DOX
internalization. The viability of the cells were evaluated
by MTT assay. A shown in Fig. 7b, free DOX, used as a

Drug release rate (nM/min)
(=)

~
s
=2
=
~
<

Drug release rate (nM/min)
(=)}

0

Cycle (times)

control, showed high cell viability because of the rapid
internalization of DOX into the cellular nucleus with-
out requiring the DOX to be released from MSMNs. The
Ap-DOX-MSMN-treated cells exhibited higher cytotoxic
effects than the free DOX-treated cells because the Ap-
DOX-MSMNs were effectively delivered into the tar-
get cells by active targeting, and the DOX release was
accelerated by the external MF. As the exposure time of
Ap-DOX-MSMNs increased, the cell viability decreased.
This was judged that as the exposure time (incubation
time) of the particles increases, the amounts of released
drug increases, leading to cell death (cell damage). In par-
ticular, the short-length MSMNs (Ap-DOX-MSMN-1 and
Ap-DOX-MSMN-2) showed a more definite therapeutic
effect because the DOX release was accelerated by the
free rotation of the MSMN:Ss in the rotation of the external
MF, as demonstrated in the above simulation results.
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Fig.7 a Schematic diagram of intracellular drug delivery using Ap-
DOX-MSMNs with controlled drug release by external rotating
magnetic field (MF) and b The cell viability (therapeutic efficacy)
test after incubating Ap-DOX-MSMNs for various exposure times
(30 min, 2 h, and 4 h) while applying a 64 Hz rotating MF (black:
Free DOX, green: Ap-DOX-MSMN-1, red: Ap-DOX-MSMN-2, and
blue: Ap-DOX-MSMN-3) (Scheme 1)

3 Conclusion

This study presented a novel intelligent drug delivery
platform for cancer cell therapy and developed a system
(MSMN:is) that controlled the release of drugs by an exter-
nal rotating MF. The length of the magnetic nanochains
(MNs) could be controlled by controlling the exposure

Drug loading

Mesoporous silica-coated magnetic nanochains
(MSMNs)

Drug (DOX)-loaded MSMNs
(DOX-MSMNSs)

time to an external magnetic force. Furthermore, the
anticancer drug DOX could be loaded because the MNs
were coated with mesoporous silica (MSMNSs). Vari-
ous magnetic movements, depending on the MN length,
were observed under an external rotating MF, making it
possible to control drug release with an external MF. In
addition, the effective treatment of target cancer cells
was achieved by binding a bio-receptor (aptamer) to
the surface of the DOX-MSMNs. This system has great
potential as a new cancer-targeted treatment strategy that
maximizes the advantages of existing chemotherapy while
overcoming the disadvantages.

4 Materials and Methods
4.1 Materials

Iron (III) chloride (FeCly), sodium citrate (NaCit), sodium
acetate (NaAc), ethylene glycol (EG), tetraethyl orthosili-
cate (TEOS), hexadecyltrimethylammonium bromide (cetyl-
trimethylammonium bromide, CTAB), sodium hydroxide
(NaOH), ammonia solution (NH,OH, 25 wt.%), and doxo-
rubicin hydrochloride (DOX) were purchased from Sigma-
Aldrich. Silane-PEG-NHS (MW 5000) was purchased from
NANOCS. Ethanol absolute (99.9%) (EtOH) was purchased
from Merck. Hydrochloric acid (HCI, 37 wt.%) was purchased
from Duksan. Dulbecco’s phosphate-buffered saline (PBS,
pH 7.4) was purchased from Hyclone (Asheville, North Caro-
lina, USA). The anti-EGFR aptamer (Ap) (50-mer, sequence:
H,N-C6-5’-d(AGTTC ZZCAA CCZZG AAACA GZZZZ
AAG CC CZZGA AAAAA GAGZA GACCA)-3’) was pro-
vided by Aptamer Sciences Inc.

Drug release

Magnetic filed (MF)
application

Rotating MF

Scheme 1 Schematic illustration of the magnetic nanochain-based smart drug delivery system with remote tunable drug release by the magnetic

field
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4.2 Preparation of Magnetic (Fe;0,) Nanoclusters
(MNCs)

The MNCs were prepared by a modified solvothermal reac-
tion. Specifically, 325 mg of FeCl;, 200 mg of NaCit,and 1.2 g
of NaAc were dissolved in 20 mL of EG. The reactant was then
sealed in a Teflon-lined stainless steel autoclave reactor and
reacted at 220 °C for 12 h. After cooling to 25 °C, the resulting
MNCs were washed several times with EtOH and deionized
water (D.W.), and finally dispersed in EtOH for storage.

4.3 Synthesis of Magnetic Nanochains (MNs)

The typical synthesis of MNs is as follows. First, MNC
dispersed in ethanol was re-dispersed to a concentration
of 0.83 mg/mL (Fe;0,) in 3 mL of aqueous solution. The
resultant solution was mixed with 20 ml of EtOH and 0.5 ml
of NH,OH, dispersed by sonication, and 0.2 ml of TEOS
was then added. After 12 min, 2 mL of this mixture was
divided into vials, and a MF applied between two magnets
for 4, 8, and 16 s to form magnetic chains MN-1, MN-2, and
MN-3, respectively. The distance between the two magnets
was 2 cm. After the MF (magnet) was removed, the samples
were left for 24 h, and then washed with EtOH and D.W. The
final product was re-dispersed and stored in D.W.

4.4 Synthesis of MSMNs

First, 2.5 mg of each MN, 8 mg of NaOH 8 mg, and 0.2 g of
CTAB were ultrasonically dispersed in 20 mL of D.W. and
3 mL of EtOH. Thereafter, 50 pL of TEOS was added to
the solution six times every 30 min (300 pL in total) under
mechanical agitation and stirred at room temperature for
24 h. The product was obtained by magnetic separation and
repeatedly washed with D.W by magnetic decantation to
remove non-magnetic by-products. The residual CTAB was
removed by vigorous stirring of the EtOH (10 mL) and HCI
(10 mL) solution for 24 h to create a mesoporous structure
on the particle surface. The fabricated MSMNs fabricated
were designated as MSMN-1, MSMN-2, and MSMN-3 for
MN-1, MN-2, and MN-3, respectively. Finally, the MSMNs
were re-dispersed in D.W. and stored.

4.5 Simulation of Motions of MSMNs Under
a Rotating MF

The motions of MSMN under the rotating MF were referred
to [38, 39], and the Eq. is briefly summarized as follows.

4.6 Magnetic Torque

The magnetic torque 7,, of the MSMNs was calculated by

T, =M X H= M zr*lHsing, (1)
where 7i is the magnetic moment, H is the applied MF,
[ is the length of MSMN, H is the magnetic strength, 6,
is lag angle, and M (M, = 4.85 X 10°A/m in this study) is
the spontaneous magnetization (Table S1). Equation (1)
clearly indicated that z,, reached the maximum value when
the MSMN’s orientation was perpendicular to the MF
(0, = n/2andx /3), and vanished when they were perfectly

aligned (8; = Oandr).
4.7 Fluid Viscous Torque

Because of the nanoscale size, the Reynolds number of flow
was significantly smaller than 1. Therefore, the viscous force
dominated the fluid field. The motion of the MSMN was
considered to be the rotation of a long slender cylinder in
Stokes flow. Consequently, when the MSMN was rotated
by the MF, the viscous torque of fluid (z,) was calculated as

T, =ym, = %a)wﬂyﬁC, 2)

where y is the fluid drag coefficient, y is the viscosity of
the fluid, and C is a geometric constant related to the aspect
ratio of the MSMNs (Table S1). Edwards model provided
the best estimate for a wide range of nanowire aspect ratios,
with reference to the numerical results and analytical predic-
tions of the viscous torque of nanowire models with various
aspect ratios (20 < p< 100) [40].

_ 1
(C = Unp - o.8>>' )

This model was used to select C and estimate the fluid
viscous torque in Eq. (2).

4.8 Governing Eq.

The Eq. of MNMN motion was obtained from Newton’s
second law of rotation

7, — 74 = la, 4)

wr?pl
12

where the moment (gf ineritais I = , and the angular

acceleration is a = £ i“’.
Equation (4) can be modified using 8, = 6, —0,,, vy

constant

d29L 4uC do;
e r’pysyy dt

12M .H . 4uC
—sinf, = ———awy  (5)
T Prmsmn

Pusmn’ 2

The inertial term dﬂ? was disregarded because of its small

value; therefore, Eq. (5) becomes
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do, )
I + wsinfd;, = wy ©6)
and
vl
we=—c(7) ()

Note that Eq. (6) is essentially equivalent to 7,, — 7, = 0.

4.9 Solutions

The solution to Eq. (6) was obtained for the various system
conditions listed below.

— When the angular frequency of the MF satisfied w0y < @,
(a state in which MSMN could stably rotate according to
the rotation of the MF), a steady-state solution existed for

Eq. (6).

. @y
0, = —
, = arcsin < ~ > 8)
and
0, =00, )

xripl

where the moment of inerita is I = > and the angu-

lar acceleration is a = d—i“‘.

Equation (4) can be modified using 8; = 0, —0,,, oy
constant.

— When the frequency of the MF surpassed the threshold

value, wy > @, a periodic solution for Eq. (6) existed.

) 2 (ogt+Py/1- = ’
0, = 2arctan| =< + /1 — <E) tan# .
wy wy 2

when (0 < 0, < x),(10)

y 2
) 2 (eptpy/1-(=C
0, = 27r+2arctan[“—c +14/1- (W—C) tan# » when
wy wy 2

(r <6, <2x),(11)
where f is a constant determined by the initial condition.
Should the MSMN perfectly align with the MF at t=0s,

we

2arctan| —2L—

—.
(%)
Wi

Mathematically, the value of the arctangent function was
confined between—m and =. Since the lag angle varied from

ﬂ:

@ Springer KBCS

0 to 2r in a period, a value of 2n was added to 6; when the
arctangent function was negative to ensure the continuity of
0, . Accordingly, 6, exhibited time-periodic oscillations that
correspond to the back-and-forth motion of MSMN with
respect to the MF.

4.10 Cytotoxicity Assay

First, the cytotoxicity of the MSMNs was evaluated using
a cell proliferation kit. Epidermal cancer cells, A431 cells,
were obtained from the Korean Cell Line Bank (Seoul,
Korea). These cells were cultured in DMEM, supplemented
with 10% fetal bovine serum and 1% antibiotic—antimitotic
and maintained at 37 °C in a humidified atmosphere con-
taining 5% CO,. The Ap-MSMNs that were not loaded with
DOX were assessed for cytotoxicity by standard MTT assay
as follows. First, A431 cells were seeded in a 96-well plate
at a density of 10* cells per well and cultured in 5% CO, at
37 °C for 24 h. Thereafter, various concentrations of the
MSMNs were added to the medium; the cells were incu-
bated for further 24 h. Following the MTT assay protocol,
the medium was removed, MTT1 solution added, and incu-
bation repeated for 4 h. Finally, the medium was replaced
with the MTT2 solution and measurements were taken after
24 h at absorbance and reference wavelengths of 575 and
650 nm, respectively, using a multimode microplate reader
(Synergy 2 multimode reader, USA). The cytotoxicity of
the MSMNs was determined by calculating the ratio of
the intensity of purple formazan formed in the viable cells
treated with MSMN to that of untreated control cells.

4.11 Preparation of Drug-Loaded MSMN
(DOX-MSMNs)

A 0.1 mM solution was obtained by adding 2.5 mg of each
MSMN to 1 mL of doxorubicin (DOX) solution. The solu-
tion was vigorously mixed to DOX loading at room tem-
perature for 12 h. The DOX was loaded into the porous site
of the MSMN, thus allowing the MSMN to act as a drug
carrier. Since the DOX was loaded by simple adsorption,
the excess DOX that could not be adsorbed was removed by
washing five times with PBS. The amount of DOX loaded
into each MSMN was inversely calculated by measuring the
DOX fluorescence intensity of the washing solution.

4.12 Drug Release Profile of DOX-MSMN Under
External Rotating MF Control

In a 4 mL vial, 2.5 mg of each DOX-MSMN was re-dis-
persed in a 1 ml PBS solution. After placing the vial in the
center of the MF coil (MF strength=90 G), the external
MF rotation frequency was applied to 64 Hz and repeat-
edly switched on and off at 10-min intervals. The external
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MF control apparatus was installed as shown in Fig. S4a;
the experimental setting method is shown in Fig. S4b. A
sample was obtained by replacing the solution in each vial
with 1 mL of PBS every time. After diffusion and the release
of the drug at room temperature for 24 h, a sample was
obtained by switching on and off twice at 10 min intervals.
The amount of released drug was measured by fluorescence
at 593 nm using a fluorescence spectrometer.

4.13 Preparation of Ap-DOX-MSMNs

For aptamer (Ap) conjugation, 10 mg of silane-PEG-NHS
(MW =5000) was added to 2 mL of MSMN and reacted
at room temperature for 8 h. The solution was washed in
triplicate using PBS. Thereafter, 2.5 mg of each MSMN and
0.1 pmol of Ap were added to 1 mL of DOX to obtain a
0.1 mM solution. The solution was vigorously mixed at room
temperature. After 12 h, the Ap-DOX-MSMNs were washed
and analyzed in the same manner as for the DOX-MSMN:s.

4.14 In Vitro Therapeutic Efficacy
of Ap-DOX-MSMNs Under External Rotating
MF Control

To evaluate the performance of the Ap-DOX-MSMNs as
a smart drug delivery system, the cell viability (therapeu-
tic effect) of the cancer cells was confirmed by controlling
an external MF. The cells were prepared similarly to the
above-mentioned method for evaluating the cytotoxicity
of the MSMNSs. Briefly, the A431 cells were seeded in a
96-well plate at a density of 10* cells per well and cultured
in 5% CO, at 37 °C for 24 h. Each well was treated with a
medium containing 10 pg of each Ap-DOX-MSMN and fur-
ther incubated at 37 °C for different exposure times (30 min,
2 h, and 4 h). They were washed three times with PBS to
remove unbound particles. After placing the 96-well plate in
the center of the MF coil, an external MF with a rotation fre-
quency of 64 Hz was operated for 10 min. These cells were
further incubated at 37 °C for 24 h under 5% CO, to induce
DNA damage and cell death by DOX. The cell viability was
performed according to the MTT assay protocol similar to
that described above; the free DOX was used as a control.
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