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Nanopore Generation in Biodegradable Silk/Magnetic Nanoparticle
Membranes by an External Magnetic Field for Implantable Drug
Delivery

Ya Wang, Giovanni Boero, Xiaosheng Zhang, and Juergen Brugger™

I: I Read Online

Article Recommendations |

Cite This: ACS Appl. Mater. Interfaces 2022, 14, 40418-40426

ACCESS |

ABSTRACT: Implantable devices for localized and controlled
drug release are important, e.g., for therapies of cancer and chronic
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pain. However, most of the existing active implants are limited by e® o ) dim
the usage of nonbiodegradable materials; thus, surgery is needed to waDtLr

extract them after the treatment, which leads to secondary damage. Alternating MNP heating up y .
Here, we show a fully biodegradable composite membrane made  magnetic % nanagpn:riligle
from silk fibroin and magnetic nanoparticles (MNPs). The (m?;) l (MNP)
membrane porosity can be remotely modified by an alternating y

magnetic field, which opens nanopores by local heating of MNPs ° ° o0 e®0o

in the composite allowing a liquid to diffuse through them. The - ° o0 ° o Rhodamine B
stability of the silk membrane in water can be prolonged up to B T i . [y gﬁ%n
several months by increasing its f-sheet content through ethanol Rh.B release Nanopore generation

annealing. We present the following original findings. (a)

Nanopores can be generated inside the silk/ MNP composite membrane by exposing it to an external alternating magnetic field.
(b) A longer exposure time results in more nanopore sites. (c) The controllable release of rhodamine B dye is achieved by tuning the
period of exposure to the magnetic field. The obtained results demonstrate the suitability of the investigated silk/ MNP composite
membrane as a potential functional material for implantable drug delivery.
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B INTRODUCTION

Implantable drug delivery systems can provide localized drug
release in precisely controlled, patient-specific time sequences

drugs, and as a solid matrix to encapsulate blood analytes™
and antioxidants.>® In addition to bare silk fibroin, silk fibroin
membranes with incorporated nanoparticles have also been

with a single administration." By now, various kinds of drug
delivery implants have been successfully developed for the
treatment of chronic pain,z’3 osteoporosis,4 retinal diseases,”
ovarian cancer,” prostate cancer,” and brain tumor.® However,
most of the existing implants need to be removed surgically
after the treatment period or replaced after the device’s
lifetime, which leads to additional costs, secondary injuries, and
higher risks of postsurgical complications such as inflamma-
tion, infection, and pain. To prevent such complications,
biodegradable drug delivery implants, which degrade in the
human body without harmful residues, would be a
considerable improvement for controllable in vivo drug
administration systems.”"

Silk fibroin is a natural protein with beneficial properties for
implantable drug delivery such as controllable biodegrada-
tion,"" biocompatibility,'* all-aqueous purifications,” versatile
processing,'* compatibility with sterilization methods,"* and
excellent mechanical properties.' Additionally, membranes
prepared from silk fibroin can be used for biomedical
applications, including tissue engineering,”’18 wound heal-
ing,"” implants for delivering therapeutics such as enzymes and
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investigated for biomedical applications. Hu et al. developed
gold nanoparticle-doped silk membranes, which could be
activated by light to power implanted microdevices.”* Because
the depth of penetration of light into a tissue is limited to 1—6
mm depending on the wavelength used, this approach is not
suitable for deep tissue applications in vivo. Furthermore,
compounds such as melanin, hemoglobin, and water can also
influence light absorption, which means that unwanted heating
in normal tissues could occur.”**°

Magnetic nanoparticles exposed to alternating magnetic
fields enable the transformation of electromagnetic energy into
heat, providing a local heat source for applications such as
hyperthermia cancer treatment and polymerase chain reaction
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Figure 1. Silk/magnetic nanoparticles (silk/MNPs) composite membrane for controllable drug delivery with rhodamine (Rh.B) fluorescent dye as
the model drug. (A) A reservoir filled with a Rh.B solution is sealed with the silk/MNP composite membrane and immersed in DI water. (B) After
an alternating magnetic field (AMF) is applied, Rh.B release is triggered. (C) High-magnification image showing the cross-sectional view of the
membrane composed of silk fibroin and magnetic nanoparticles. The detailed release mechanism is as follows. (D) Upon exposure to an AMF, the
magnetic nanoparticles are locally heated and (E) generate nanopores in the surrounding silk fibroins, (F) which facilitate the release of the Rh.B

dye solution through the composite membrane.

(PCR).”~*° Low-frequency magnetic fields have much larger
penetration depths and are capable of passing through the
human body, which makes them more efficient than electro-
magnetic waves in the visible range as a wireless trigger for in
vivo applications. Among all of the different species of
magnetic nanoparticles, iron oxides are the most commonly
used not only because of their ease of synthesis but also, more
importantly, because of their excellent biocompatibility. It has
been shown, for instance, that iron oxide nanoparticles can be
metsa})olized by heme oxygenase-1 to form blood hemoglo-
bin.

In our previous work, a thermal and pH sensitive composite
membrane composed of silk fibroin, magnetic nanoparticles,
and hydrogel particles was developed for on-demand drug
delivery.”” The limited biodegradability of such a membrane
due to the hydrogel particles motivates us to design a fully
biodegradable membrane that can be used for in vivo
applications without potential complications. Here, we report
original results on silk fibroin membranes with embedded iron
oxide nanoparticles as fully biodegradable material for smart
drug delivery implants. The working principle is shown in
Figure 1. When an external alternating magnetic field is
applied, the magnetic nanoparticles inside the silk fibroin
membranes are locally heated and induce thermal degradation
of the surrounding silk fibroin. Consequently, nanopore
structures are generated, enabling the release of a rhodamine
B (Rh.B) dye solution by diffusion. The Rh.B fluorescent dye
is used as a model drug”>** to demonstrate the capability of
using the silk/magnetic nanoparticle composite membrane for
drug delivery applications. The results reported in this work
indicate that silk fibroin membranes with embedded iron oxide
nanoparticles are suitable candidates for fully biodegradable
transient drug delivery implants that can be remotely triggered
by a magnetic field and used in applications such as chronic
pain or tumor treatment.

B EXPERIMENTAL METHODS

Characterization of Magnetic Nanoparticles. The heating
properties of the magnetic nanoparticles are tested with an alternating
magnetic field source (MagneTherm, nanoTherics Ltd.) equipped

with an optical temperature probe. First, to determine the relationship
between magnetic nanoparticle (MNP) concentrations and heating
properties, the temperature of a 1 mL solution of MNPs of different
concentrations (1, 5, 10, 20, 30, 40, 50, 60, and 70 g L") is
monitored over time inside an alternating magnetic field of 11 mT at
534 kHz. Second, to investigate the effect of magnetic field
parameters, including magnetic field frequency and strength, on the
heating capabilities of magnetic nanoparticles, the temperature of a 1
mL solution of MNPs with a fixed concentration (10, 40, and 70 g
L™") is recorded over time in an alternating magnetic field with all of
the available conditions (i.e., magnetic field’s strength and frequency)
provided by the magnetic field source. The experimental setup is
shown in Figure S10.

The specific absorption rate (SAR) values normalized to the iron
oxide (FeO) amount, expressed as watts per gram of FeO, are

calculated according to the following equation:>®

W)_gd_T

SAR | —
[g m dt

where C is the specific heat capacity of water per unit volume (4.18 J
em™ K') and m is the concentration (grams of FeO per milliliter) of
magnetic material in solution. dT/d¢ (kelvin per second) is the initial
slope of the temperature versus time curve when the magnetic field is
applied.

Preparation and Characterization of Silk/MNP Composite
Membranes. The silk fibroin solution is mixed with synthesized
magnetic nanoparticles. Subsequently, the silk/MNP composite
membranes are prepared and characterized following the same
procedure that was used for the silk fibroin membranes as described in
the Supporting Information.

Effect of a Magnetic Field on the Silk/ MNP Composite
Membrane. To determine the influence of a magnetic field on the
silk/MNP composite membrane, the EtOH annealed composite
membrane is exposed to an alternating magnetic field at a fixed
frequency of 111 kHz and a strength of 16 mT generated by the
alternating magnetic field source for different times (2, 4, and 8 h).
Then, scanning electron microscopy (SEM) is used to observe the
differences in their cross-sectional microstructures.

Magnetically Triggered Controllable Rhodamine B Dye
Release. To prove the potential of using the silk/MNP composite
membrane for controlled, magnetically triggered drug delivery
applications, the Rh.B fluorescent dye is used as a model drug to
study its release behavior. A 4 mm X 4 mm X 10 mm hollow reservoir
with a wall thickness of 1 mm is fabricated by a three-dimensional
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Figure 2. Analyses of the heating properties of the synthesized magnetic nanoparticles (MNPs) in water under an alternating magnetic field. (A)
Time-dependent temperature profiles for MNPs solutions (1 mL) with different concentrations excited by a fixed alternating magnetic field (11
mT, 534 kHz) and (B) the corresponding relationship between the concentration of MNPs and the initial heating rate. Time-dependent
temperature profiles for MNP solutions (1 mL) with concentrations of (C) 10, (D) 40, and (E) 70 g L™' excited by an alternating magnetic field
with different strengths and frequencies. (F) Specific absorption rate (SAR) as a function of the strength and frequency of the applied magnetic
field. The results are shown in cumulative mode (e.g, the SARs for 10, 40, and 70 g L™" are 43, 38, and 52 W g™, respectively, with a magnetic field

of 16 mT at 111 kHz).

(3D) printer (Formlabs Clear Resin FLGPCL02). The reservoir is
filled with 100 uL of a 10 g L™ Rh.B solution in deionized (DI)
water. A piece of silk/MNP composite membrane having a thickness
of 8—10 yum and an area of ~7 mm X ~7 mm after ethanol annealing
is used to seal the reservoir with glue (Scotch-Weld, 3M). The Rh.B
solution-filled reservoir is placed inside a 5 mL glass vial with the
composite membrane upside down to make sure that the Rh.B
solution is in contact with the composite membrane. Then, 3 mL of
DI water is added to ensure that the position of the composite
membrane is close to the center of the solenoid coil of the alternating
magnetic field source. After different periods of exposure (0, 2, 4, and

40420

8 h) to an alternating magnetic field (16 mT, 111 kHz), the release
behavior of Rh.B is monitored over time. After a certain time interval,
the solution outside of the reservoir is replaced with fresh DI water (3
mL), and its absorbance at 553 nm is measured by ultraviolet—visible
spectroscopy (UV—vis) (Cary 100 Bio, Varian). The calibration curve
is created for the conversion of absorbance to Rh.B concentration.

B RESULTS AND DISCUSSION

Thermal Heating Properties of Magnetic Nano-
particles. To investigate the heating properties of MNPs in

https://doi.org/10.1021/acsami.2c10603
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Figure 3. Study of the effects of magnetic nanoparticles on the secondary structures and thermally responsive behavior of the silk fibroin
membrane. (A) Fourier-transform infrared (FTIR) spectra and (B) thermogravimetric analysis (TGA) in a N, atmosphere of a silk/ MNP
composite membrane with and without ethanol (EtOH) annealing with a bare silk fibroin membrane as a reference. The derivative
thermogravimetric (DTG) curves (dashed lines) show the temperature at which water removal and degradation occur at the fastest rates.

water, magnetic heating experiments are conducted with an
alternating magnetic field source (MagneTherm, nanoTherics
Ltd.). In the first experiment aiming to determine the
relationship between the concentration of magnetic nano-
particles and the heating efficiency, a 1 mL solution of MNPs
with different concentrations is tested in an alternating
magnetic field at a fixed strength (11 mT) and frequency
(534 kHz). As shown in Figure 2A, for samples with lower
concentrations (1—30 g L), the temperature increases almost
linearly within 3 min to 45 °C and then stabilizes gradually.
For samples with higher concentrations (40—70 g L™'), the
temperature increases almost linearly to the water boiling
temperature (i.e., 100 °C). As expected, it is found that the
heating rate is higher with an increase in MNP concentration.
The initial heating rates of each curve in Figure 2A are plotted
against time and shown in Figure 2B. One can conclude that
the heating rate increases linearly with the magnetic nano-
particle loading, whereby a maximum of 19 °C min™' is
measured for 70 g L' MNPs.

To further study the effect of the strength and frequency of
the magnetic field on the heating rate, 1 mL solutions of MNPs
with fixed concentrations of 10 g L™ (Figure 2C), 40 g L™!
(Figure 2D), and 70 g L™ (Figure 2E) are used to test the
heating rate with all of the available conditions provided by the
alternating magnetic field source (MagneTherm, nanoTherics
Ltd.). It has been observed that the heating rate is dependent
on both the magnetic field strength and the frequency (Figure
2C—E). Among all of the available conditions, the magnetic
field of 16 mT at 111 kHz results in the fastest heating rate,
which for MNPs with concentrations of 10, 40, and 70 g L7tis
4, 15, and 37 °C min ", respectively. The heating experiments
are stopped when the temperature is close to 100 °C to
prevent boiling because the samples are in water. However, the
temperature can actually exceed 100 °C. For example, Park et
al. embedded magnetic nanoparticles in PDMS and a
temperature of ~160 °C was measured upon exposure to a
magnetic field.”

The corresponding specific absorption rate (SAR) values as
a function of the strength and frequency of the applied
magnetic field for the three samples are summarized in Figure
2F. SAR provides a quantitative measure of the rate at which
energy is absorbed per unit mass of the magnetic material upon
exposure to a radiofrequency. The maximum SAR for MNPs
obtained with a magnetic field of 16 mT at 111 kHz is 44 + 7

40421

W g~ for MNPs with concentrations from 10 to 70 g L™". This
is the condition we used for the following experiments. In
magnetic hyperthermia applications, to prevent local heating in
nonmagnetic tissues due to induced eddy currents, Brezovich
et al. found that the product of magnetic field strength H and
frequency f should be limited to Hf < § X 10° A m™' s71.%7
Practically, such a limit depends on the area of application in
the body. Hergt et al. proposed a less rigid criterion: Hf < 5 X
10° A m~! s71.3%%7 In our case, for a magnetic field of 16 mT
(ie, 1.3 X 10* Am™) at 111 kHz, product Hf is 1.4 X 10° A
m™' s7!, which meets the requirement for clinical applications.

Characterization of Silk/MNP Composite Membranes.
Silk fibroin/magnetic nanoparticle composite membranes are
prepared by the solution casting method with polyethylene
Petri dishes. A polyethylene Petri dish allows an easier
detachment of the membrane with respect to a standard
polystyrene Petri dish. The detailed process is as follows. First,
3.5mL ofa § g L' MNPs solution is added dropwise to 1 mL
of a 45 g L™" silk fibroin solution, and the mixture is then
transferred to a polyethylene Petri dish. After drying at room
temperature, a silk fibroin composite membrane with 27 wt %
iron oxide is obtained. The fabricated silk/ MNP composite
membrane is immersed in ethanol for 0.5 h and dried in the
ambient atmosphere to obtain water-stable membranes.

To investigate whether the presence of magnetic nano-
particles influences the molecular structures of silk fibroin,
Fourier-transform infrared (FTIR) spectroscopy is performed
and the spectrum of the composite membrane is very similar to
that of the pure silk fibroin membrane (Figure 3A). Before
annealing, the absorbance peak is centered at ~1635 cm™,
which is the characteristic of random coil structures. After
annealing, f-sheet structures form, as indicated by the
absorbance peak centered at ~1618 cm ™.

Furthermore, we test the thermally responsive behavior of
silk/magnetic nanoparticle (silk/MNP) composite membranes
with and without EtOH annealing by thermogravimetric
analysis (TGA) in a nitrogen (N,) atmosphere. As in the
case of silk without MNPs as shown in Figure 3B, there are
always three stages of weight loss. The initial weight decrease is
attributed to the removal of both free and bound water, which
proceeds up to approximately 150 °C. The water content is ~5
wt % for silk fibroin membranes without EtOH annealing,
which is decreased to ~2 wt % after annealing. For a silk/ MNP
composite membrane, there is ~4 wt % water, which is
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Figure 4. Stability tests of silk/MNP composite membranes in DI water (A—D) without and (E—H) with ethanol (EtOH) annealing. Without
EtOH annealing, the membrane dissolves in water within 3 s. On the contrary, with EtOH treatment, the membrane is stable in water for at least 90

days.

decreased to 2 wt % after annealing. Next, the thermal
degradation of silk fibroin starts with an onset temperature of
~200 °C and lasts until the end of the measurement. The
strong weight loss in the temperature range of 200—550 °C is
associated with the breakdown of side chain groups of silk
fibroin. Without EtOH annealing, it accounts for ~54 and ~33
wt % for silk and silk/MNP composite membranes,
respectively. With EtOH annealing, the losses are 55 and 36
wt % for silk and silk/MNP composite membranes,
respectively. Another smaller weight loss in the range of
550—850 °C is attributed to the breakdown of main chain
groups of silk fibroin. Specifically, the weight losses are ~11
and ~23 wt % for silk and silk/MNP composite membranes
without EtOH annealing and 12 and 24 wt % for silk and silk/
MNP composite membranes with EtOH annealing, respec-
tively. Thus, one can conclude that the thermally responsive
behavior of silk membranes is consistent, and it is affected by
neither the water content and ethanol annealing nor the
presence of magnetic nanoparticles.

The stability of the various silk fibroin membranes in DI
water is also investigated. Without EtOH treatment, the silk/
MNP composite membrane dissolves within seconds in DI
water (Figure 4A—D). In contrast, for samples with EtOH
treatment, they are stable in DI water for at least 1 month as
shown in Figure 4E—H.

To investigate the morphologies of silk/MNP composite
membranes with and without EtOH annealing, their cross-
sectional surfaces are observed by SEM. For the composite
membrane with EtOH annealing, a relatively flat surface with
nanoparticles distributed inside it is observed (Figure SA). A
similar morphology is observed for the membrane without
annealing (Figure S7A).

Effect of a Magnetic Field on the Silk/MNP
Composite Membrane. To determine the influence of the
magnetic field on the silk/MNP composite membrane, their
morphology changes are imaged by SEM after different periods
of exposure (2, 4, and 8 h) to an alternating magnetic field (16
mT, 111 kHz). As shown in Figure SB, after exposure for 2 h,
the internal structure does not show any difference compared
with that of the sample not exposed to the magnetic field
(Figure SA). In particular, a similar flat surface with embedded
nanoparticles is observed. In contrast, with an increase in the
exposure time to 4 h, as shown in Figure 5C, nanopores are
observed. After exposure to the magnetic field for 8 h, the
number of nanopores created substantially increases (Figure
SD). The cross-sectional SEM images show that nanopores can
be generated inside the silk/ MNP composite membrane by an

externally applied magnetic field. The period of exposure to the
magnetic field determines reproducibly the density of the
nanopores. A longer exposure time results in a larger number
of nanopores. To understand more clearly the influence of the
magnetic field exposure time on the silk/MNP composite
membrane, a quantitative analysis of the number of nanopores
is performed. In detail, the same membrane is imaged by SEM
at different locations at the same magnification (the image area
is 2 ym X 1.5 ym), the number of nanopores for each image is
counted, and the average results are shown in Figure SE. There
is no nanopore inside the membrane after exposure for 2 h,
and 17 + 3 nanopores are observed in the membrane after
exposure for 4 h, which is further increased to 65 + 34 after
exposure for 8 h. Meanwhile, due to the degradation of silk
fibroin that contains carbon, nitrogen, and oxygen (Figure S4),
the weight percentage of iron increases while the weight
percentages of carbon, nitrogen, and oxygen decrease (Figure
SF and Figure S8).

Magnetically Triggered Release of Rhodamine B Dye.
To demonstrate the potential application of using the
fabricated silk/MNP composite membrane for drug delivery,
a Rh.B fluorescent dye is used as a model drug. First, 3D-
printed hollow reservoirs (Formlabs Clear Resin FLGPCLO02)
are filled with a Rh.B solution, and then ethanol-annealed silk/
MNP composite membranes with 27 wt % magnetic
nanoparticles are used to seal the reservoirs. Subsequently,
the alternating magnetic field (16 mT, 111 kHz) is applied to
trigger the heating of the magnetic nanoparticle for generating
nanopores inside the composite membranes so that the Rh.B
solution can diffuse across the membrane. Because, as shown
by SEM (Figure S), the number of nanopores can be
controlled by adjusting the period of exposure to the magnetic
field, we investigate Rh.B release behavior with membranes
after exposure to the magnetic field for 0, 2, 4, and 8 h. The
amount of released Rh.B is monitored by UV—vis with the
calibration curve shown in Figure S6. For all four groups, the
release rate of Rh.B is, as expected, very slow at the beginning,
followed by an increased release rate until a plateau is reached
(Figure 6). The onset of Rh.B release starts earlier for the 8 h
group than for the other three groups. For the 8 h group, 1.7%
Rh.B is released after 3 days, while for the other three groups, a
similar released amount of Rh.B is achieved after only 7 days.
More importantly, the release rate increases with the period of
exposure to the magnetic field. For instance, the released
amounts of Rh.B for the 0, 2, 4, and 8 h groups after 7 days are
1.8%, 1.9%, 2.4%, and 27%, respectively. After 14 days, the
amounts are increased to 16%, 13%, 28%, and 74%,
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Figure S. Investigations of the effect of an external magnetic field on the silk/MNPs composite membrane. SEM images of the cross-sectional view
of EtOH-annealed silk/MNP composite membranes that have been exposed to an alternating magnetic field (16 mT, 111 kHz) for (A) 0, (B) 2,
(C) 4, and (D) 8 h. (E) Number of nanopores (per an area of 2 ym X 1.5 um) and (F) weight percentages of carbon, nitrogen, oxygen, and iron in
the membranes described above as measured by energy-dispersive X-rays (EDX).

respectively, and after 21 days, the amounts are further
increased to 28%, 36%, 57%, and 91%, respectively. To achieve
90% Rh.B release requires 63 days for the 0 and 2 h groups, 36
days for the 4 h group, and 20 days for the 8 h group. In
conclusion, the Rh.B release rate is quite similar for the 0 and 2
h groups, which is the slowest among the tested groups, the 4 h
group has a moderate release rate, and the fastest one comes
from the longest exposure time (8 h group). This observation
is supported by the SEM results. For membranes exposed to
the magnetic field for 2 h, no nanopores could be observed,
leading to Rh.B release behavior that is very close to that
measured for the membrane that is not exposed to the
magnetic field (0 h). For a longer exposure time, nanopores are
generated, which facilitate the release of Rh.B. For the 8 h
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sample, many more nanopores are created and a faster release
of Rh.B is achieved, which demonstrates the capability of using
the fabricated silk/MNP composite membranes for magnetic
field-triggered Rh.B release. More importantly, with a change
in the period of exposure to the magnetic field, the release
behavior can be controlled. In particular, with a longer
exposure time, a faster release can be obtained.

It has been found that the morphology of a pure silk fibroin
film after ethanol annealing does not change after immersion in
water for 30 days as shown in Figure S3. Similarly, no change
in thickness or weight has been observed for an ethanol-treated
silk fibroin film in PBS after 14 days.”® Kaplan et al. found that
there was no decrease in filament diameter for Bombyx mori
silkworm silk yarns after incubation in PBS for 12 weeks.”” On
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Figure 6. Controllable rhodamine B (Rh.B) release upon adjustment
of the period of exposure to an alternating magnetic field. Released
Rh.B through silk/MNP composite membranes vs time after different
periods of exposure (0, 2, 4, and 8 h) to an alternating magnetic field
(16 mT, 111 kHz). The inset shows the release profiles during the
first 20 days. Data are averages + standard deviations for three
samples for each exposure time.

the basis of the findings described above, the silk fibroin film is
considered to be unchanged without exposure to the magnetic
field. The release of drugs embedded in a silk fibroin film is
driven by diffusion through the film before the degradation
starts.”® For the model drug Rh.B encapsulated in the reservoir,
it must diffuse from the inner surface of the silk fibroin film to
the outer surface to be finally released into the bulk fluid.
Moreover, because a silk fibroin film with magnetic nano-
particles forms a dense structure compared to the porous
structure of a pure silk film, the diffusion rate is
correspondingly lower and delayed. These two points lead to
a delay at the initial stage of release. Once the path of diffusion
is formed, the release will continue until the drug is depleted.
When nanopores are generated inside the film, the diffusion
path is shortened and faster release is achieved.

B CONCLUSIONS

A Dbiodegradable composite membrane composed of silk
fibroin and magnetic nanoparticles has been fabricated and
characterized. The realized membrane can be remotely
modified by a magnetic field, allowing for controlled drug
delivery applications. Ethanol annealing is used to obtain
water-stable membranes by increasing the content of fS-sheet
structures, as confirmed by FTIR spectra. The presence of
magnetic nanoparticles does not influence the secondary
structures of silk fibroin. More importantly, we found by TGA
that the silk/MNP composite membrane has the same thermal
degradation onset temperature of ~200 °C regardless of water
content, membrane thickness, annealing postprocess, and the
presence of magnetic nanoparticles. We also investigated the
dependence of heating rates of magnetic nanoparticles on their
concentrations and the external magnetic field (strength and
frequency). We observed that increasing the concentration of
magnetic nanoparticles leads to a higher heating rate. The
maximum heating rate achieved is 37 °C min™" for 70 g L™
magnetic nanoparticles upon excitation by a magnetic field of
16 mT at 111 kHz.

In particular, we demonstrate that nanopores could be
generated inside the silk/MNP composite membrane after its
exposure to an alternating magnetic field and that a longer
exposure time results in a larger number of nanopores. With an
increase in magnetic field strength, it is reasonable to expect
that the period of exposure for obtaining the same amount of
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nanopores can be reduced. Unfortunately, the experimental
setup presented here does not allow application of a magnetic
field of >16 mT. An indirect proof is shown in Figure S9, in
which 19 + 9 nanopores (per an area of 2 yum X 1.5 um) are
generated after exposure to an alternating magnetic field (8
mT, 111 kHz) for 8 h. Recall that 17 + 3 nanopores (per an
area of 2 ym X 1.5 pm) are observed in the identical
membrane after exposure to the magnetic field of 16 mT at
111 kHz for 4 h. With half of the magnetic field strength, we
manage to obtain a similar number of nanopores by increasing
the exposure time. Due to the reduced contribution of
Brownian relaxation, the thermal heating efficiency of magnetic
nanoparticles decreases significantly when embedded in a
viscous solution,*""** cross-linked polymers,”>** and cells."**¢
This could be one of the reasons why it needs a rather long
time to generate nanopores inside the membrane, but the
detailed mechanism is not yet fully understood.

The potential of applying the silk/MNP composite
membrane for drug delivery is tested with Rh.B fluorescent
dye as a model drug. The nanopores facilitate Rh.B passing
through the membrane. With an increase in the period of
exposure to the magnetic field, more nanopores are generated,
and hence, a faster release of Rh.B is obtained. This indicates
that the realized fully biodegradable, magnetic field responsive
silk/magnetic nanoparticle composite membrane is a suitable
candidate as a diffusive membrane in drug delivery implants,
e.g., for chronic pain or tumor treatments.
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