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12 February 2020 by using ZnO@Fe;0, nanoparticles as the core for enhancing heat generation
under microwave radiation and mesoporous silica as the shell for drug

© Springer Science+Business ~ accommodation. A novel short peptide Phe-Phe-Gly-Gly (N-C) with good self-

Media, LLC, part of Springer ~ assembly performance was grafted on the surface of mesoporous silica as a

Nature 2020 nanovalve. The modified peptide on mesoporous silica nanoparticles blocked
the drug in the pores at physiological temperature via self-assembling process
and opened up the pores for drug release at elevated temperature via disas-
sembling process. The doped ZnO@Fe;O, nanoparticles core had excellent
microwave-absorbing and thermal conversion property. On-demand drug
release from this delivery system was realized not only by conventional
heating but also by a noninvasive microwave radiation. In vitro results show
that local heating generated by the core under microwave radiation was suf-
ficient for release triggering while holding the bulk heating at physiological
temperature. The controllable tissue-penetrating microwave stimuli combined
with the tailor-made self-assembling peptide offer a new approach for ther-
mal-responsive drug release.

Introduction issue, controlled drug delivery systems (CDDSs)
have received much attention and shown good per-
formance [4-6]. The ideal CDDSs should keep drug

At present, chemotherapy is still the most effective  stable with no leakage in transport and release drugs

method to treat malignant tumors [1]. But conven-  artificially to specific sites. Mesoporous silica

tional methods of administration limit drug treat-  nanoparticles (MSNs) with high specific surface area,
ment because many anticancer drugs cannot be tunable pore size, low toxicity, and easy-to-modify
directly administered [2, 3]. In order to solve this  gurface have become one of the most promising
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carriers in drug delivery systems in recent years [7].
Many MSNs-based CDDSs responding to various
stimuli including internal stimuli and external stim-
uli have been developed for cancer treatment [8-12].
Since internal stimuli depend on the sensitive and
uncontrollable biological environment, noninvasive
external stimuli including light, ultrasound and
magnetic fields have attracted more attention on
constructing CDDSs [9, 10, 13-15]. Nowadays, the
interest in microwave stimulation has been greatly
stimulated in many smart drug delivery studies due
to its robust properties, such as good thermal effi-
ciency, high tissue penetration depth and controllable
operability [4, 16]. Shi et al. [17] have utilized the
microwave irradiation to trigger core—shell nanopar-
ticles forming by poly(p-phenylenediamine) and
poly(N-isopropylacrylamide) with exceptional high
efficiency for controlled drug release. Qiu et al. [18]
designed a microwave-sensitive drug microcarrier
based on Fe;0,@ZnO@mGd,O3:Eu nanoparticles
using polymer poly[(N-isopropylacrylamide)-co-
(methacrylic acid)] as the microwave stimulus gate-
keeper. Since the effect of the bulk heating caused by
microwave can be avoided by using a high-frequency
short-time microwave instrument, it is very mean-
ingful to construct a MSN-based drug delivery sys-
tem responding to microwave radiation [19]. The
nanoparticles (NPs) chosen to fulfill the drug delivery
are based on a mesoporous silica shell surrounding a
doped ZnO@Fe;0, core [iron (II, III) oxide (Fe;O4)].
The core is chosen for its high-performance micro-
wave-absorbing property and the shell of meso-
porous silicon for its good biocompatibility and large
pore volume for drug loading.

To control the drug release under the microwave
heating, a thermosensitive molecular gatekeeper for
MSN-based CDDS is necessary. Peptide is selected
for its biocompatibility, adjustable physicochemical
properties and biological functions [11, 20, 21].
Designed peptides based on building blocks of
amphiphilic amino acids which can self-assemble to
form stable structure have attracted increasing
attentions due to its multifarious potential applica-
tions in drug delivery, tissue engineering and cell
culture [22, 23]. Considering the controllable self-
assembly process and disassembly process under
suitable conditions, such as desired temperature, pH,
ionic solution or solvent, we proposed that the pep-
tide can be an ideal candidate for a thermosensitive
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nanovalve on MSNs for on-demand drug loading
and release.

Inspired from the well-known diphenylalanine
(Phe-Phe), which has excellent self-assembling
property, we have designed a self-assembling ther-
mosensitive peptide Boc-Phe-Phe-Gly-Gly-COOH
(Boc-P4-COOH) as the nanovalve. The designed
peptide Boc-P4-COOH can self-assemble to form
stable microstructure at physiological temperature
and disassemble at about 50 °C, which can be used as
drug loading and releasing by thermotriggering.
Taking into account all the above considerations, we
proposed core-shell MSN@ZnO@Fe;O, (the core
ZnO@Fe;0, surrounding with mesopore silica shell)
modified with a thermosensitive designed peptide to
construct a microwave-responsive nanocarrier for
drug delivery. As shown in Fig. 1a, we first synthe-
sized the doped core ZnO@Fe;0,, hydrolyzed tetra-
ethyl orthosilicate to form the core—shell particles
MSN@ZnO@Fe;O, and then modified with the
designed peptide as the gatekeeper. ZnO was doped
with Fe;O, to increase microwave absorption for
rapid local heating, while no significant temperature
increases on bulk solution. Release experiments were
studied with both conventional heating and micro-
wave heating. The data demonstrated that the pep-
tide gatekeeper can block the cargo inside the carrier
with little to no leakage without microwave applied,
while it can be triggered open by microwave heating.
In addition, we found that the nanoparticles modified
by polypeptide had an excellent biological
compatibility.

Results and discussion

Characterization of Fe;0, and ZnO@Fe;0,
NPs

Fe;O4 NPs and ZnO@Fe;O, NPs were obtained by
the thermal decomposition method [24]. The mor-
phology of the nanoparticles was characterized by
TEM (Fig. 2a, b). From the figures, we can see that the
monodisperse Fe;04 NPs and ZnO@Fe;O, NPs have
successfully been synthesized with particle sizes of
about 7.5 £ 1.1 nm and 9.5 &+ 0.8 nm, respectively
(Figure S1). The size of ZnO@Fe;04 NPs is slightly
larger than that of Fe;O4 NPs, which is caused by the
coating of ZnO layer on the outer surface of the Fe;O,
core.
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Figure 1 a Synthesis of magnetic mesoporous silicon modified
by thermosensitive polypeptide and the mechanism of controlled
release of thermoresponsive peptide. b Chemical structure of the
peptide 1, amino on mesoporous silicon surface 2 and peptide

The crystallinity of the nanoparticles was deter-
mined by XRD. As shown in Fig. 3a, six major
diffraction peaks at 35.0°, 41.3°, 50.4°, 62.9°, 67.2° and
74.1° are observed for the diffraction pattern of Fe;O,
nanocrystals, which can be assigned to (220), (311),
(400), (422), (511) and (440) planes of the cubic spinel-
structured magnetite, respectively, according to the
standard JCPDS (No. 99-0073). For ZnO@Fe;O,4 NPs,
the peaks of magnetite are observed in the diffraction
pattern of the nanocomposites, revealing that the
Fe;O, nanocrystals do not change. The new diffrac-
tion peaks at 37.1°, 40.2°, 42.4°, 55.8°, 56.6°, 66.8° and
74.5° can be assigned to the hexagonal ZnO structure
according to the standard JCPDS (No. 36-1451).

The obvious lattice fringes in the HRTEM image
(Fig. 2d) further confirm the high crystallinity of the
sample ZnO@Fe;0, NPs. The spacing labeled in the
shell region is about 0.14 nm, corresponding to the
(103) plane of ZnO, and 0.21 nm in the core
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valves 3. Schematic diagram of self-assembly and disassembly of
peptides modified on mesoporous silicon. Self-assembly and
disassembly of polypeptides were used to block and open pores.

corresponding to the (400) plane of Fe;0,4, which are
in good agreement with the wide-angle XRD results.
Energy-dispersive  X-ray spectrum (EDS) of
ZnO@Fe;0,4 NPs (Fig. 1e) confirms the copresence of
zinc (Zn) and iron (Fe) in the ZnO@Fe;0, samples.
The results confirm that ZnO is successfully coated
on the Fe;O, nanoparticle. The Fe:Zn ratio of the
ZnO@Fe;0,4 NPs determined by inductively coupled
plasma optical emission spectrometry (ICP-OES) is
near 3:1.

Figure 3b shows the field-dependent magnetiza-
tion curves measured at 300 K. Both Fe;0, NPs and
ZnO@Fe;0,4 NPs exhibit the behavior of no coercivity
and remanence, which confirm that both nanoparti-
cles are superparamagnetic at 300 K. The Fe;O4 NPs
possess superparamagnetic properties, and the satu-
rated magnetization is 55 emu g~ !, which is lower
than theoretical saturated magnetization of bulk
Fe;04 NPs (about 98 emu g '), due to a large amount
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Figure 2 TEM images of a Fe;04 NPs, b ZnO@Fe;04 NPs, ¢ MSN@ZnO@Fe;0, particles and HRTEM of images of d ZnO@Fe;0,

NPs; e the EDS spectrum of ZnO@Fe;04 NPs.

(a)

Fe,0,
ZnO@Fe;0,

Intensity (a.u.)

ZnO #PDF36-1451 | | | | | |
Fe.,0, ¥PDF99-0073
1- [ | L1 |

T T T T T T T

20 30 40 50 60 70 80
20(°)

(b) 601 ——Fe,0,
ZnO@Fe,0,
‘60 b “~100-80-60 -40-20 0 20 40 60 80100
HO¢)
-20000 -10000 0 10000 20000

H(Oe)

Figure 3 a XRD patterns for Fe;04 (black) and ZnO@Fe;04 NPs (red). b Hysteresis loops of the Fe;04 and ZnO@Fe3;0,4 NPs measured

at 300 K. Inset: detail of the low magnetic field region.

of organic ligands such as oleic acid and oleyl amine
adhered to the surface of Fe;O, NPs [25]. Thermo-
gravimetric analysis of Fe;0, NPs (Figure S3B) also
demonstrates that substances adhere to the surface of
particles. The saturation magnetization of ZnO@Fe;
O, NPs decreases to 40 emu g~ '. The decrease in the
saturation magnetization can be attributed to the
lower density of the magnetic component in
ZnO@Fe;04 NPs compared with the Fe;O, NPs. It is

noted that the MSN@ZnO@Fe;0, particles

(Figure S2) show some magnetization, which is
desirable for separation and further application.

Self-assembling property of designed
peptide

The designed peptide Phe-Phe-Gly-Gly (N-C) is
selected as a nanovalve for its biocompatibility and
self-assembling property. The peptide can self-
assemble to form stable secondary structure at
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physiological temperature and can disassemble at
about 50 °C, which make the peptide an ideal can-
didate for the nanovalve of control release [14].

Fourier transform infrared (FTIR) was used to
verify the secondary structure of the designed pep-
tide (Fig. 5a). The peak at 1538 cm™' is due to N-H
bending vibrations in plane and C-N stretching
vibrations. The band at v = 1670 cm™' is due to C=0O
stretching vibrations, which indicate that beta-sheet
structure has formed. The band at v = 702 cm ™' is
due to the absorption peak of monosubstituted ben-
zene (-C¢Hs).

Atomic force microscope (AFM) images of the
peptide Phe-Phe-Gly-Gly (N-C) at a concentration of
0.2 mg mL™" in an aqueous solution are shown in
Fig. 4. The images reveal that the peptide is able to
self-assemble to form fibers. As shown in Fig. 4a, the
fibers with height of 37.2 nm and width of 112.8 nm
interweaved with each other to form a larger net-
work. Many protofibrils are also detected with height
of 1.0 nm and width of 10.9 nm. Combining the data
of FTIR and AFM, we proposed that the designed
peptide can firstly self-assemble to form stable sec-
ondary structure including beta-sheet structure and
then to form protofibrils. The protofibrils are bundled
to form fibers, which are further connected and
knotted with each other to form a relatively dense
network. It is this self-assembled property that makes
the peptide to be used as a nanovalve to block the
pores of magnetic mesoporous silicon.

Characterization of MSN@ZnO@Fe;0,
nanocarriers

The core-shell MSN@ZnO@Fe;O, nanocarriers were
synthesized by a base-catalyzed reaction by sol-gel
process on the surface of the ZnO@Fe;O, core [26]. As

() (b)
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shown in TEM of MSN@ZnO@Fe;O, particles
(Fig. 2¢), the core-shell structure can be clearly dis-
tinguished because of the different electron penetra-
bility between the core and the shell. The magnetic
cores are black spheres, while the uniform meso-
porous silica shells show gray color with an average
thickness of about 35 nm with average particles size
of 93.8 &+ 14.2 nm. The obtained particles are uniform
with good monodispersion. Besides, we can clearly
see typical mesoporous channels in the silica shell
layer.

The self-assembling peptide was modified on the
surface of MSN@ZnO@Fe;O, particles as the nano-
valve via amidation reaction [14]. In order to prove
the successful grafting of the designed peptide Boc-
P4-COOH onto the surface of MSN@ZnO@Fe;Oy,
FTIR, zeta potential, TGA and BET were utilized.
Figure 5a shows the FTIR spectra of Boc-P4-COOH,
MSN@ZnO@Fe;Oy4 particles and Boc-P4-
MSN@ZnO@Fe;O, particles, respectively. It can be
seen that the corresponding infrared spectra of
MSN@ZnO@Fe;0, particles show some differences
after modification. A significant peak at 3457 cm™"
presented in all samples is due to the stretching
vibration of -OH group. The band at v = 1072 cm ™ is
assigned to asymmetric stretching vibration of (Si—-O-
Si). The bands around 1660 cm™" in all samples are
assigned to -NH,. The absorption peaks of amino
groups in all samples are due to the modification of
the core by amino groups (Figure S3A). Compared
with the spectrum of MSN@ZnO@Fe;O4 the
appearance of bands at v = 1670 cm ™' and 1538 cm ™'
of Boc-P4-MSN@ZnO@Fe;O, particles for C=0O
stretching vibrations and N-H bending vibrations,
respectively, shows that the peptide-modified
nanoparticles have the same structure as the

()

2.9nm

-7.1 nm -2.5nm

1.0 pm Height 400.0 nm

Figure 4 Atomic force microscope (AFM) images of the Boc-P4-COOH with a concentration of 0.2 mg mL™" in an aqueous solution

deposited on silicon.
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Figure 5 a FTIR spectra of MSN@ZnO@Fe;0, particles (black), The polydispersity of MSN@ZnO@Fe30,, NH,-

Boc-P4-MSN@ZnO@Fe;0, particles (red) and Boc-P4-COOH
(blue). b Zeta potential of MSN@ZnO@Fe;0,, NH,-
MSN@ZnO@Fe;0, and Boc-PA-MSN@ZnO@Fe;0, particles.
¢ Dynamic light scattering of MSN@ZnO@Fe;0,4, NH,-
MSN@ZnO@Fe;0, and Boc-P4-MSN@ZnO@Fe;0, particles.

designed peptide, suggesting the successful modifi-
cation of the peptide. The successful grafting is also
proved by a new band at v = 702 cm™! (-C4Hs) in the
spectrum of Boc-P4-MSN@ZnO@Fe;0,.

The zeta potentials of MSN@ZnO@Fe;0,, NH,-
MSN@ZnO@Fe;O, and Boc-P4-MSN@ZnO@Fe;O,
particles in aqueous suspension are — 16.8 + 04,
+223+12 and +144+07mV at pH=70,
respectively (Fig. 5b). MSN@ZnO@Fe;O, particles
present a negative potential of about — 16.8 mV
because of the presence of -OH (silanol) group on the
MSNs surface. After APTES modification, the surface
Si-OH groups are partly replaced by amino group so
the zeta potential of NH,-MSN@ZnO@Fe;0, particles
becomes positive. The reason why the positive fea-
ture decreases after peptide conjugation was mainly
due to the presence of protective group (see Fig. 1b

MSN@ZnO@Fe;0, and Boc-P4-MSN@ZnO@Fe;04 is 0.08,
0.09 and 0.14, respectively. d Nitrogen adsorption (filled symbols)
and desorption (open symbols) isotherms of sample of Boc-P4-
MSN@ZnO@Fe;0, particles. Inset: pore size distribution of Boc-
P4-MSN@ZnO@Fe;0, particles.

for details). The polypeptide grafted onto the surface
of MSN@ZnO@Fe;0, particles does not remove the
protective group. The change of zeta potentials indi-
cates that we have successfully grafted the molecular
valve polypeptide onto the MSN@ZnO@Fe;O,. The
hydrodynamic diameter of MSN@ZnO@Fe;O, parti-
cles is about 170 nm, which has no significant change
compared with NH,-MSN@ZnO@Fe;O, particles
(Fig. 5¢). The hydrodynamic diameter of the peptide-
modified magnetic particles is about 220 nm, which
may be due to the decrease of zeta potential. Fur-
thermore, TGA was also used to determine the
weight loss of the organic component in the samples.
As shown in Figure 5S4, the weight loss of
MSN@ZnO@Fe;O, particles is 11.4% after heating
temperature to 800 °C, while it increases to 15.4%
after modified by amino group. The main reason of
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MSN@ZnO@Fe;O, particles weight loss is the evap-
oration of silicon hydroxyl group. The increased
weight loss of the particles after amination is mainly
caused by the silane coupling agent. After grafting
the peptide Boc-P4-COOH, the weight loss of Boc-P4-
MSN@ZnO®@Fe;0O, particles is 21.0%. Obviously, the
content of organic compounds in nanoparticles
increases with the modification process, which sug-
gests the success of functionalization. The nitrogen
adsorption/desorption  isotherm  of  Boc-P4-
MSN@ZnO@Fe;0, particles is shown in Fig. 5d. The
loop of the sample exhibits typical IV-type isotherms
according to the IUPAC classification, which is typi-
cal for mesoporous materials. The Boc-P4-
MSN@ZnO@Fe;O, particles have a surface area of
572 m? gfl, a pore diameter of 2.8 nm and a total
pore volume of 1.10 cm?® g_l. To note, the modified
peptide is not fully blocking the access of nitrogen
gas molecule as it might be in open state after drying
up sample into powders, whereas when peptide was
in closed state, it is efficient enough to block larger
drug molecules.

Microwave-absorbing properties
and thermal effect properties
of the synthesized nanoparticles

It is well known that the heating effect of materials
under microwave radiation depends on two key
parameters, the real part (¢)) and the imaginary part
(¢") of permittivity. The real part describes the
material’s capacity of the electromagnetic energy
storing, while the imaginary part describes the effi-
ciency of the electromagnetic energy to heat energy
[27]. An increase in ¢’ can not only improve the
microwave absorption properties of materials, but
also make more electromagnetic energy into heat
energy [25]. The ratio of the imaginary part to the real
part is defined as dielectric loss tangent:
tand = o

¢/

Dielectric loss tangent illustrates the ability of a
material to absorb electromagnetic energy and con-
vert it into heat energy at the frequency. Figure 6
shows the real part, the imaginary part of complex
permittivity and the dielectric loss tangent of Fe;O4
and ZnO@Fe;O4 NPs. From Fig. 6a, it could be found
that the real part of ZnO@Fe;O4 NPs is almost larger
than that of Fe;O, NPs in the frequency range of
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2-18 GHz. The large real part of permittivity shows
that ZnO@Fe;0, NPs have a high ability of energy
storage. From Fig. 6b, ¢, it could be found that
imaginary part of permittivity and dielectric loss
tangent of ZnO@Fe;O, are larger than those of Fe;O,
at 2.45 GHz which is the frequency for biomedical
applications. The data of imaginary part of permit-
tivity and dielectric loss tangent illustrate that the
ZnO@Fe;0, NPs can theoretically convert more
electromagnetic energy into heat energy, compared
with Fe;O, NPs.

In order to verify the thermal effect of different
nanoparticles, the temperature of the suspension of
Fe;O4 NPs, ZnO@Fe;0, NPs and MSN@ZnO@Fe;0,
particles dispersed in deionized water with the con-
centration of 0.2 mgmL™' was detected under
microwave irradiation. From the curves in Fig. 7a, we
can see that four samples show different microwave
thermal effects under the microwave radiation of
50 W. The initial temperature of the suspension is
20 °C. In the first 10 s, there is almost no difference
among the samples except sample of ZnO@Fe;0,
NPs, while the heating effect of the sample of
ZnO@Fe;0; is significantly higher than that of other
samples. After 10 s, the heating effect of the sample of
Fe;04 NPs and sample of ZnO@Fe;O,4 NPs is signif-
icantly higher than that of other samples, which
indicate that Fe;O, NPs and ZnO@Fe;O, NPs have
excellent microwave thermal effect. The temperature
of suspensions can increase to 78 °C and 92 °Cin 70 s
under microwave heating, respectively, for Fe;0, and
ZnO@Fe;04 NPs. The results show that sample of
ZnO@Fe;0, NPs has superior microwave thermal
efficiency and can convert electromagnetic energy
into heat energy quickly. It is worth noting that the
temperature of sample MSN@ZnO@Fe;0, particles is
almost the same as that of deionized water.
MSN@ZnO@Fe;0, particles have only a slight effect
on heating of bulk solution under microwave radia-
tion. The heat generated by the core of
MSN@ZnO@Fe;O, particles is mainly for local
heating.

Thermosensitive property via release study
by conventional heating

The hydrophilic fluorescein was selected as a model
drug in drug delivery study due to its stability and
suitable size. The loading experiments were carried
out by mixing the dye and the nanoparticles at 50 °C
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Figure 7 a Microwave thermal response of the time-dependent
temperature curve for deionized water, Fes0, and ZnO@Fe;0,
NPs, MSN@ZnO@Fe30, particles dispersed in deionized water
with microwave irradiation. b Microwave thermal response of the

for 2 h. The high temperature used for dye loading
was to make sure that the modified peptide would
not self-assemble to block the pore. The loaded par-
ticles were then placed at room temperature holding
overnight for pore blocking via the self-assembling
process of the modified peptide. Then fluorescein-
loaded nanoparticles were washed many times with
deionized water to remove the un-trapped fluores-
cein molecules. When the fluorescein could not be
detected in the supernatant after centrifugation,
washing process was finished.

To insure that the self-assembling peptide was
thermosensitive and could act as a gatekeeper for
MSNs-based drug delivery system, we first carried
out the drug release experiments with Boc-P4-MSNs
with conventional heating via water bath. The release
experiments were carried out at 37 °C and 50 °C for
10 h, respectively (called bulk heating). The release
curves are shown in Fig. 8a. The release of the dye

—=— Deionized water
40 {—— MSN@ZnO@Fe,0,

Temperature(C) T
N w w
7] [—] N

[
=)
L

0 20 40 60 80 100
Time(s)

time-dependent temperature curve for deionized water,
MSN@ZnO@Fe;0, particles dispersed in deionized water with
microwave irradiation after adding the ice water circulating
cooling system.

can be triggered by the temperature of 50 °C. The
release rate is approximately 34.9% at 50 °C for 10 h,
while there is almost no fluorescent releasing at
37 °C. The result indicates that the thermosensitive
peptide can block the pore effectively at physiology
temperature and release the drug by pore opening at
50 °C.

Thermosensitive property via release study
by microwave heating

In order to confirm that the drug release could also be
triggered by microwave heating, we carried out the
drug  release  experiments  with  Boc-P4-
MSN@ZnO@Fe;O, particles under microwave irra-
diation. The loading and washing processes for the
core-shell nanoparticles were similar to those used
for Boc-P4-MSNis (refer to electronic support materi-
als for specific steps).
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Figure 8 Release of the fluorescein cargo from samples a Boc-P4-MSNs through bulk solvent heating and b Boc-P4-

MSN@ZnO@Fe;0,4 particles through bulk solvent heating and local microwave heating.

Considering the bulk heating of microwave radia-
tion, an ice water circulating cooling system was set
for temperature controlling. The temperature of pure
deionized water and the suspension of Boc-P4-
MSN@ZnO@Fe;O, particles under microwave radi-
ation with the same power and the same frequency
were detected, and the results are shown in Fig. 7b. It
can be seen that the temperature of both solutions can
be successfully controlled at about 37 °C during
microwave radiation. The system was used for sub-
sequent release under microwave heating.

In this section, the drug release experiment was
divided into two stages. Firstly, the dye release was
measured at a constant temperature of 37 °C using
water bath heating for 1 h. It is almost impossible to
detect fluorescent substances in the solution in first-
hour release of bulk heating, indicating the excellent
blocked property of the self-assembling peptide at
37 °C, which is coincided with the previous results.
Then, the release experiment was carried out under
microwave radiation. The release container was
alternatively placed in microwave radiation field for
10 min, followed by stirring at room temperature for
15 min without microwave irradiation to ensure
uniform dispersion of fluorescent substances. The
dye release was detected by spectrum monitor. A
cooling system with circulating ice water was used to
maintain the temperature of bulk solution around
37 £ 1 °C for avoiding the effect of bulk heating. As
shown in Fig. 8b, the concentration of fluorescein
significantly increases under the microwave irradia-
tion, indicating that the nanovalve can be triggered
by microwave irradiation. With increase in time, the
release increases and approximately 32.5% of loaded
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dye is released after eleven heating/stirring cycles. It
clearly demonstrates that the dye is effectively
blocked in the channels of the nanoparticles by the
modified peptide at physiological temperature and
can be triggered release from the carrier under
microwave radiation. Since the bulk heating is
maintained by the cooling system, we suggest that
the thermal effect generated by the local heating of
the core under microwave irradiation can open the
thermosensitive nanovalve of the self-assembling
peptide.

In vitro studies of cytotoxicity

The cytotoxicity of Boc-P4-MSN@ZnO@Fe;0, parti-
cles was investigated by an MTT assay using African
green monkey SV40-transformed kidney fibroblast
cells (COS?7) (Fig. 9). COS7 cells were cultured with

120

100 4

Cell viability(%)
£ 2

[
>
L

0 625125 25 50 100 200
NP concentration(ug mL™)

Figure 9 Cytotoxicity assays of Boc-P4-MSN@ZnO@Fe;0,4
particles against COS7 cells at different concentrations (6.25,
12.5, 25, 50, 100 and 200 ug mL ™).
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Boc-P4-MSN@ZnO@Fe;O, particles at a concentration
ranging from 6 to 200 pg mL~'. From Fig. 9, we can see
that COS7 cells have a high survival rate after 48 h of
culture at both low and high concentrations of Boc-P4-
MSN@ZnO@Fe;O, particles. At the maximum con-
centration of 200 pg mL ™", the viability of COS7 cells
can reach 82%. High cell viability in all tests indicates
that the Boc-P4-MSN@ZnO@Fe;0, particles have no
cytotoxicity in the concentration range tested.

Conclusion

In conclusion, we have designed and synthesized a
kind of thermoresponsive drug delivery system
based on core-shell mesoporous silica nanoparticles
grafted with self-assembling peptide. The core-shell
nanoparticles chosen to fulfill the drug delivery are
based on a mesoporous silica shell for drug loading
surrounding a doped ZnO@Fe;O, core for enhancing
heat generation. The iron oxide nanoparticles coated
with zinc oxide layer have demonstrated excellent
microwave-absorbing and thermal conversion prop-
erty and could generate sufficient local heating under
microwave radiation for triggering the thermosensi-
tive nanovalve. The designed peptide with good self-
assembly performance at physiological temperature
could be trigged to disassemble by the local heating
of microwave radiation, which was utilized here as a
nanovalve for pore blocking and opening. In this
paper, a new method of thermal-responsive drug
release was proposed: A self-assembling thermosen-
sitive peptide was selected as the nanovalve, and the
nanovalve could be triggered by the local heating of
ZnO@Fe;0,4 cores under microwave radiation, while
the bulk solution is at physiological temperature. The
combination of the controllable tissue-penetrating
microwave stimuli and the tailor-made self-assem-
bling peptide presents a new method for thermal-
responsive drug release.

Supplementary materials

Reagent and characterization; Synthesis process;
Specific steps of the experiments; Figure S1 to
Figure S5.
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