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Implantation of biodegradable wafers near the brain surgery site to deliver anti-cancer agents
which target residual tumor cells by bypassing the blood-brain barrier has been a promising
method for brain tumor treatment. However, further improvement in the prognosis is still
necessary. We herein present novel materials and device technologies for drug delivery to
brain tumors, i.e., a ﬂexible, sticky, and biodegradable drug-loaded patch integrated with
wireless electronics for controlled intracranial drug delivery through mild-thermic actuation.
The ﬂexible and bifacially-designed sticky/hydrophobic device allows conformal adhesion on
the brain surgery site and provides spatially-controlled and temporarily-extended drug
delivery to brain tumors while minimizing unintended drug leakage to the cerebrospinal ﬂuid.
Biodegradation of the entire device minimizes potential neurological side-effects. Application
of the device to the mouse model conﬁrms tumor volume suppression and improved survival
rate. Demonstration in a large animal model (canine model) exhibited its potential for human
application.
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reatment of cancers in organs with special blood barriers
such as brain, peritoneum, and oculus has always been
challenging. Especially, treatment of malignant brain
tumors (e.g., glioblastoma; GBM) is extremely difﬁcult1, because
tumor cells survive through surgical resection and radiation
therapy2,3, causing tumor recurrence. Conventional chemotherapies through the intravenous delivery are oftentimes
unsuccesful since the blood–brain barrier blocks delivery of drugs
to brain tumors4. Several researches have improved controlled
and targeted drug delivery to brain tumors5–7. For example, the
biodegradable polymeric wafer8,9 (Gliadel wafer, Arbor Pharmaceuticals, USA) implanted near the brain surgery site locally
delivers drugs to remaining brain tumors and exhibits meaningful
improvement. However, further advances in the treatment efﬁcacy are still necessary.
The requirements of the device for the controlled intracranial
drug delivery to brain tumors are as follows. The penetration10 of
the released drugs into brain tissues should be high for treatment
of inﬁltrated tumor cells. Local drug delivery to brain tumors
without unwanted release to cerebrospinal ﬂuid (CSF) is important11. Mechanical mismatch of rigid implantable devices from
brain tissues may cause neurological disorders, and thereby soft
electronic devices are preferred for intracranial implants12–14.
Devices with the capability of complete bioresorption can be a
good solution to prevent side effects of chronic implants15–18.
Long-term sustained drug delivery is helpful for cancer treatment19,20. Toward accomplishment of these challenging goals
altogether, a novel soft biodegradable electronic device that can
actuate drug diffusion wirelessly and disappears after a desired
period of time17,21–23 in the brain15,16 is needed.
Here, we report materials and device technologies for a ﬂexible,
sticky, and biodegradable wireless electronic device integrated
with a bifacially designed polymer drug reservoir, which is called
as a bioresorbable electronic patch (BEP). The BEP, together with
an associated mild-thermic actuation protocol, provides long
drug diffusion length and drug delivery duration. The ﬂexibility
of the oxidized starch (OST)-based patch and its hydrophilic/
hydrophobic bifacial design allow conformal adhesion to the
target brain tissue24,25 and enable local and sustained drug
delivery, while reducing unintended drug release to CSF. Fully
bioresorbable and soft nature of the BEP minimizes potential
neurological side effects of rigid intracranial implants26. Wireless
mild-thermic actuation by the bioresorbable heater with the
alternating magnetic ﬁeld enhances the penetration depth of
delivered drugs. The synergetic effect on brain tumor treatment
by integration of all these material and device components is
conﬁrmed in mouse subcutaneous and canine brain GBM models
in vivo.
Results
Overview of materials and devices. The integrated device, BEP,
has a bifacial structure that is composed of a hydrophilic drugloaded OST ﬁlm and a hydrophobic poly(lactic acid) (PLA)
encapsulation ﬁlm (Fig. 1a). Magnesium-based ultrathin electronic devices, which work as a wireless heater for mild-thermic drug
delivery actuation and a wireless temperature sensor for controlled mild-thermic actuation, are embedded in these thin ﬁlms
(Fig. 1b, left). All material elements of the BEP are bioresorbable,
and all biodegradation products are materials existing in the
human body27–30 (Fig. 1b, right). The detailed device fabrication
process is described in Supplementary Fig. 1. The BEP was
packaged (Fig. 1c), sterilized before implantation (Fig. 1d), and
applied to animal models for drug delivery to GBM (Fig. 1e, f).
Figure 1e shows the application process of the BEP in a canine
GBM model during the craniotomy (Fig. 1e, left) and lamination
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of the BEP on the surgical site (Fig. 1e, right). The ﬂexible and
sticky design of the BEP facilitates its conformal adhesion to the
curved brain cavity surface (Fig. 1f). The strong adhesion of
the hydrophilic OST bottom drug reservoir is due to the imine
conjugation (Fig. 1a, right). These conformal and strong adhesion
improves the efﬁciency of the drug delivery. Meanwhile, the
hydrophobic PLA top encapsulation reduces undesirable drug
delivery to CSF. The imine conjugation also helps long-term
sustained drug delivery. Then, an alternating radio frequency
(RF) magnetic ﬁeld (220 kHz, 360A; Easyheat, Ambrell, USA) is
applied to actuate the heater in the BEP wirelessly, which releases
drugs from the reservoir, accelerates the intercellular drug
diffusion, and enhances the drug penetration depth (Fig. 1f).
The alternating RF magnetic ﬁeld allows long-distance wireless
energy transfer through tissues31, which activates the mildthermic actuation to promote drug diffusion to microscopic
residual tumors invaded in normal brain tissues32.
Local drug delivery and biocompatibility. We ﬁrst designed
materials for the BEP. It should conformally adhere to the curved
brain surface for local drug delivery, for facile heat transfer during
mild-thermic actuation, and for prolonged drug delivery duration
by minimizing unwanted drug leakage to CSF. This could be
achieved by using OST which is synthesized by oxidization of
starch (Supplementary Fig. 2). It provides strong imine conjugation to both brain tissues and drug molecules (e.g., doxorubicin; DOX) (Fig. 2a, green), and thus enables good adhesion
and sustained drug release. The ﬂexible drug-loaded patch was
made by mixing OST with DOX in PBS and dried under the
humid condition (Supplementary Fig. 3). DOX was used as a
major antitumor agent in this study because of its outstanding
therapeutic effect and easy visualization using ﬂuorescence. The
maximum DOX loading amount that we have observed was
6.831 mg per one BEP since the DOX is highly miscible to the
OST. The total amount of DOX can be increased further by using
multiple BEPs. Further optimization to increase the drug loading
amount should be done in the future. Temozolomide33 can also
be used as an alternative drug (Supplementary Fig. 3d). The BEP
can also deliver multiple anticancer agents (DOX and TMZ) for
the combination therapy (Supplementary Fig. 3e). Although we
loaded two kinds of drugs in the BEP, the integrity of the device
was well maintained.
Since the adhesion force between the OST ﬁlm and the brain
tissue is stronger than the mechanical strength of the brain
tissue34,35, the brain tissue is mechanically torn before the
detachment of the ﬁlm from the brain surface. Therefore, the
effect of oxidization of starch on the adhesion strength was
indirectly tested on the bovine muscle instead of the brain tissue,
since the bovine muscle has higher mechanical strength than the
brain tissue. The shear adhesion test (Fig. 2b, inset) of OST
exhibited its strong adhesion to the muscle tissues (Fig. 1a, right)
than that of unmodiﬁed starch ﬁlm (non-OST case, 0% in Fig. 2b)
due to imine conjugation (more oxidized units). The softness of
the BEP is optimized for its conformal adhesion to the convoluted
brain surface by changing the ratio of OST to glycerol
(Supplementary Fig. 4). The strong adhesion and softness enable
the conformal contact of the BEP at the tissue surface (Fig. 2c),
which allows local drug delivery (Fig. 2c, inset, white circle). The
diffusion length by the natural diffusion (Fig. 2c) is small.
However, it can be increased by additional mild-thermic
actuations.
The drug release from the patch at 37 °C is analyzed for
4 weeks in the phosphate-buffered saline (PBS; Fig. 2d) solution.
Compared with unmodiﬁed starch, OST shows more sustained
drug release, which prolongs the drug delivery duration. The
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Fig. 1 Materials, device design, and wireless actuation of the bioresorbable electronic patch (BEP). a Schematic illustration of the BEP (left) and the
molecular structure of drug-containing oxidized starch (OST) (right). b Schematic illustration of the BEP and its constituent materials (left), and their
biodegradation into hydrolyzed products (right). c Image of the BEP, which includes a bioresorbable wireless heater and a temperature sensor on an
oxidized starch (OST) patch containing doxorubicin (DOX). d Image of the sterilized BEP before implantation. e Images of brain craniotomy in the canine
model before (left) and after (right) BEP implantation. f Schematic illustration of localized and penetrative drug delivery to deep GBM tissues by the BEP
with wireless mild-thermic actuation

burst drug release until day 1 (80% of DOX release) in the nonOST case (control) corresponds to release of drugs physically
trapped in the polymer chain (Fig. 2a, yellow circle). The
suppressed burst release at the early stage (25% DOX until day 1)
and the sustained release until later periods (~50% until 4 weeks)
can be achieved in OST due to chemical conjugation (i.e.,
hydrolysis) of drug molecules with polymer chains (Fig. 2a, red
circle)36.
When hydrophobic PLA is coated both on the top and bottom
side of the OST substrate, it suppresses the drug release to the
PBS solution dramatically (Fig. 2d, red). The selective coating of
PLA only on the top surface of the device where the device is
exposed to CSF can decrease the unintended drug leakage to
other regions (Supplementary Figs. 5, 6; in vitro and in vivo,
respectively), although perfect prevention of the drug diffusion to
the CSF cannot be achieved due to biodegradation. Meanwhile,
the bottom hydrophilic OST substrate enhances adhesion of the
BEP to the brain surface and decrease the unintended drug
diffusion to CSF (Fig. 2e). The DOX concentration in canine CSF
in 1 week after implantation was measured to be 11.9 ng/mL at
3.15 min by high-performance liquid chromatography (HPLC)
(Fig. 2f; inset shows HPLC data of DOX standard solutions). This
shows minimal DOX leakage to CSF, which is important to
prevent drug waste and potential side effects37.
Fabricating the implant with materials that hydrolyze into
components of human body (Fig. 1b)24 makes the retrieval

surgery unecessary21,38,39 and reduces risks of potential side
effects of chronic neural implants15,16. Each component of the
BEP is converted into biocompatible metabolites. For example, it
takes 2 weeks for degradation of the wireless heater (Supplementary Fig. 7a, in vitro degradation; and Supplementary Fig. 7b,
in vivo degradation), regardless of the mild-thermic condition
(Supplementary Fig. 7c). The biodegradability of the overall
device (BEP) was tested in vivo (Fig. 2g). The BEP implanted in
canine brain dissolves within 10 weeks without any debris and
clinical side effects (Fig. 2g). This 10-week-period corresponds to
the entire duration of drug release in vivo.
In order to examine biocompatibility, the BEPs were implanted
on the surface of the surgical cavity made by the brain surgery in
BALB/c nude mice (Supplementary Fig. 8). The distribution of
astrocytes and microglia near the surgical cavity was observed in
both the sham (Fig. 2h, i, red) and BEP implantation (Fig. 2h, i,
blue) group at various time points (1 day, 2 weeks, 4 weeks, and
6 weeks). No signiﬁcant increase of the migrated astrocytes and
microglia was observed after 2 weeks, and the differences of the
migrated astrocytes and microglia between the sham group and
the BEP group were not signiﬁcant overall time periods. The
results suggest that the BEP did not induce the signiﬁcant
immune response.
The implantation of the BEP to animals and its mild-thermic
actuation in vivo did not affect mouse brain functions. We
evaluated whether the BEP can affect the behavior of the mice.
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Fig. 2 Materials, device characterization, and biocompatibiltiy. a Illustration of the trapped and conjugated DOX to the OST polymer chain. b Shear stress
for detachment of the OST ﬁlm with the indicated level of oxidized units from the bovine muscle tissue. Inset shows a schematic illustration of the shear
stress measurement. Each experiment was repeated at least three times and error bars represent the standard error of the mean value. c Optical
microscope image (gray) overlapped by the ﬂuorescence microscope image (red) at the brain-BEP interface. Image of a canine brain after diffusion of DOX
from the BEP (inset). d Cumulative release of DOX from unmodiﬁed starch (black), OST (blue), and PLA-encapsulated OST (red) in 37 °C phosphatebuffered saline (PBS) solution for 4 weeks. e Illustration of the ﬂexible bifacial patch conformally adhered on the brain cavity surface. f Measurement of
DOX concentration (dotted circle) in cerebrospinal ﬂuid (CSF) after 1 week from implantation by HPLC. Inset shows HPLC measurement of standard DOX
solutions. g Optical camera image during the intracranial BEP implantation surgery (left) and at 10 weeks after implantation (right). Quantiﬁcation of the
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The behavior was evaluated by the rotarod test (Supplementary
Fig. 9a, b). The intracranial electroencephalogram was also
monitored and analyzed (Supplementary Fig. 9c). According to
the mouse tests, no neurological deﬁcits and abnormal behaviors
were observed.
The biocompatibility of the BEP was also tested in a large
animal (canine model). The BEP contains MRI contrast agents,
ferrimagnetic iron oxide nanocubes40 (Supplementary Fig. 10),
and thus its bioresorption and shape change in brain can be
monitored by MRI in vivo (Supplementary Fig. 11). The MR
images at different time points showed that the conformal contact
of the BEP to the brain surface was maintained during its
degradation. Compared with its initial state, the patch volume
decreased signiﬁcantly after 9 weeks due to its bioresorption
(Supplementary Fig. 12a). Also, the intracranial implantation of
the BEP to canine brain did not exhibit any unexpected side
effects including brain swelling (Supplementary Fig. 11). The
brain tissue reaction to the BEP was evaluated by immunochemical staining using hematoxylin and eosin (H&E) and macrophage
antibody in 1 week and 10 weeks after implantation. Any
signiﬁcant inﬂammatory responses or physiological complications were not observed (Supplementary Fig. 12b). The longer4

term studies to observe the effect of hydrolyzed materials in vivo
are needed in the future.
Wireless mild-thermic actuation for accelerated drug delivery.
The acceleration of drug release by wireless mild-thermic actuation (Fig. 3a) was characterized. The RF magnetic ﬁeld applied by
an external coil triggers eddy current and joule heating in the
heater of the implanted BEP (Fig. 3b), resulting in the increased
temperature of the BEP and surrounding brain tissues. Key
parameters of the heater design are the diameter and thickness of
the round-shaped heater while the transmission coil current and
coil-to-heater distance can be varied to optimize the heat generation. The hole array in the wireless heater is helpful for facile
fabrication (transfer printing) of the device but slightly affects the
heat generation (Supplementary Fig. 13a, b). The temperature
change under the various coil-to-heater distances in the heater
(Fig. 3c) of different diameters and under the various coilcurrents in 12 mm diameter heater (Fig. 3c, inset) were measured
using our instrument to set the temperature change. Under different conditions, the calibration curve that shows the temperature increase as a function of the magnetic ﬁeld (Supplementary
Fig. 13c) and/or the total eddy current (Supplementary Fig. 13d)
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Fig. 3 Wireless mild-thermic drug delivery. a Image of radio frequency (RF) wireless mild-thermic actuation in the canine GBM model. b Schematic
illustration of implanted BEPs and images of the mild-thermic actuation: optical (left) and infrared camera images before (middle) and during (right) the
wireless mild-thermic actuation. c Experimentally measured temperature change of the BEP by wireless heating depending on the coil-to-heater distance.
The inset shows the temperature change depending on the induced current. d Cumulative release of DOX from OST in PBS at 37 °C (blue) and 42 °C
(orange) for 4 weeks. e In vivo measurement of the DOX concentration at the indicated time points after implantation of the BEP without mild-thermic
actuation. f In vivo measurement of the DOX concentration at 15 h after implantation of the BEP with the pulsed mild-thermic actuation; control (black; no
pulse), 1 pulse (red), or 4 pulses (blue). g Fluorescence microscope images after 15 h implantation, which show DOX diffusion from the BEP into U87-MG
tumor tissues in the mouse model in vivo without (left) and with (right) the mild-thermic actuation. h Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay of U87-MG tumor tissues without (left) and with (right) the mild-thermic actuation. i Proportion of DOX-stained cells after
exposure to the DOX solution for 1 h at 37 and 42 °C, measured by ﬂow cytometry. Each experiment was repeated at least four times and error bars
represent the standard error of the mean value. j Effect of elevated temperatures on U87-MG tumor tissues, observed by survivin expression. k Contour
plot of the temperature distribution during the mild-thermic actuation. l Simulated temperature proﬁle from the BEP surface into the brain under various
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can be used to optimize the amount of heating. Also, the
dimension of the heaters (thickness and diameter) can be
decreased or the coil-to-heater distance can be increased further
by controlling the instrumental parameters such as the RF frequency (Supplementary Fig. 13e, f). More details are described in
Supplementary Methods 1.1.
The amount of the drug release can be increased by mildthermic actuation at 42 °C (ΔT = 5 °C; Fig. 3d). The concentration gradient of DOX delivered into human GBM tissues (U87MG) with and without mild-thermic actuation was quantiﬁed in
an immune-deﬁcient mouse in vivo by integrating equidistant
ﬂuorescent signal counts. The natural diffusion of DOX (Fig. 3e)
is similar to the natural diffusion of carmustine41,42, and the
mild-thermic actuation dramatically enhances drug diffusion
(Fig. 3f, g). The actuation condition of ΔT = 5 °C (30 min of 2
pulses) results in death of deep cancer cells, which is shown in the
cross-sectional tissue staining image by terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay (Fig. 3h). The
drug delivery based on mild-thermic actuation over the longer
period of time (42 °C, 2 days, ex vivo) results in the enhanced

drug delivery depth (~11 mm, Supplementary Figs. 14 and 15a),
where the drug concentration is over CC50 of the tumor cell
(0.15 µg/mL; Supplementary Fig. 15b). This increased drug
penetration is due to increased cell membrane permeability43 at
increased temperature. The U87-MG cell is exposed to the drug
solution (DOX of 0.2 μg/mL) at 37 °C and 42 °C for 1 h, and the
number of nuclei stained by DOX is measured to compare drug
diffusion. The three-times higher drug uptake is observed at the
higher temperature (Fig. 3i and Supplementary Fig. 16).
The appropriate level of mild-thermic actuation promotes the
drug diffusion while minimizing the thermal damage to
surrounding brain tissues44, but excessive hyperthermia may
cause apoptosis45 of normal brain tissues. Thermal damage to the
brain tissue is analyzed by detecting expression of apoptosis
inhibitors with survivin (Fig. 3j and Supplementary Fig. 17). The
temperature increase of 5 °C for 30 min induced minimal
apoptosis, while the temperature increase of 10 or 15 °C caused
signiﬁcant cell death (Fig. 3j). Numerical simulations (Fig. 3k,
Supplementary Fig. 18 and Supplementary Table 3) also
indicate that no excessive heat is applied to the brain tissue
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under ΔT = 5 °C, which is consistent with experiments (Fig. 3j).
Heat is dissipated by blood ﬂow at distal regions (Fig. 3k). The
absence or presence of skull does not cause differences on
temperature distribution according to 3D modeling (Supplementary Fig. 19 and Supplementary Table 4). The details of thermal
modeling are described in Supplementary Methods 1.2. Although
we tried to maintain the target temperature to be stable as shown
in Fig. 3b experiments and Fig. 3k simulations, it is true that
temperature ﬂuctuations happen under pulsed wireless thermal
actuations in vivo. More reliable and elaborate heating protocols
should be developed through large scale in vivo animal
experiments in the future.
The optimal coil-to-heater distance at a given heater radius, in
which temperature is below 42 °C, can be estimated through
simulations (Fig. 3l). The drug diffusion coefﬁcient increases
signiﬁcantly by wireless mild-thermic actuation of ΔT = 5 °C,
consistent with previous reports (Supplementary Fig. 18a43,46).
For experimental validation of the optimal distance, temperature
increase by mild-thermic actuation is estimated by either an IR
camera or a wireless temperature sensor of the BEP (Supplementary Fig. 20 and Supplementary Methods 1.3). The optimum
actuation condition is adopted to the therapy protocol.
Evaluation of therapeutic efﬁcacy in the mouse and canine
GBM model. We evaluated therapeutic efﬁcacy of the BEP in vivo
by using the human xenograft GBM model with immunedeﬁcient mice (BALB/c nude mice). Human GBM cells (U87MG) were cultured and subcutaneously implanted near the thigh
region of 6-week-old nude mice (n = 33). Tumor was grown and
resected similar to the standard protocol of human brain tumor47
therapy, and then the BEP of ~14 mm diameter was implanted.
Detailed surgical procedures are provided in Supplementary
Methods 1.4 and Supplementary Fig. 21. The protocol for the
therapy is presented in Fig. 4a. The procedure starts from the
tumor resection. Further studies for the nonresectable tumor
cases are also needed in the future.
Mice were divided into ﬁve groups: each treated with (1)
intravenous injection of DOX (IV group, Supplementary Fig. 22a);
(2) implantation of the BEP without DOX but with mild-thermic
actuation (Heating group; Supplementary Fig. 22b); (3) implantation of the BEP with DOX but without heating (OST group;
Supplementary Fig. 22c); (4) implantation of the custom-made
control wafer of which the composition is same as the Gliadel
wafer (194.4 mg poly[bis(p-carboxyphenoxy)propane] anhydride
and sebacic acid containing 7.7 mg carmustine) (control wafer
group; Fig. 4b); and (5) implantation of the BEP with DOX and
with mild-thermic actuation (OST + Heating group; Fig. 4c). The
DOX concentration in the BEP is 0.69 mg/BEP. The Heating and
OST + Heating group received wireless mild-thermic treatment
for 2 weeks following the therapy protocol (Fig. 4a).
The IV and Heating group exhibited poor prognoses, while the
OST and control wafer group showed meaningful suppression of
tumor recurrence (Supplementary Table 1). In particular, the
OST + Heating group exhibited signiﬁcantly reduced tumor
volume among all groups, even compared with the control wafer
group (p = 0.0048) as shown in Fig. 4d and Supplementary
Table 1. It also leads to the dramatic increase in the survival rate
among all groups, even compared with the control wafer group
(p = 0.013) as shown in Fig. 4e and Supplementary Table 2. This
improvement in therapeutic efﬁcacy shows combined beneﬁts of
local drug delivery to the target region, long-lasting therapy due
to sustained drug release, and enhanced drug penetration by
mild-thermic actuation. Since the microenvironment in thigh is
different from that in brain, we additionally established a mouse
brain tumor model to prove efﬁcacy of mild-thermic actuation in
6

brain (Supplementary Fig. 23a–e), which exhibited consistent
results with the subcutaneous tumor model results (Supplementary Fig. 23 and Supplementary Methods 1.5).
To obtain preclinical data of the BEP in large animals, a canine
GBM model was established. Since canine brain is much larger
than mouse brain, it allows a similar procedure with standard
human GBM surgery (Supplementary Fig. 24). Detailed procedures are described in Supplementary Methods 1.6. Similar to the
conventional neurosurgery, the implanted GBM tissues were
partially removed by surgery while residual inﬁltrative tumor
tissues remained in the surgical cavity (Fig. 4f). The BEP was
implanted to the cavity, and the surgical site was covered by
surgical glue and skin without skull. Supplementary Fig. 25 shows
that tissues near the cavity have little mechanical damages,
conﬁrming the surgical process is successful. The tumor volume
continuously increased unless treated (Fig. 4g, left). When
wireless mild-thermic treatment (ΔT = 5 °C, 30 min; 2 pulses)
was applied by the BEP, however, tumor growth was suppressed
(Fig. 4g, right) by intracranial drug delivery (Fig. 4h).
To evaluate therapeutic effect of the BEP further, both the BEP
and a control wafer were implanted to the brain cavity with the
remaining brain tumor in two different mongrel dogs. The
treatment with the BEP and the control wafer for 2 days caused
apoptosis of tumor cells, which are conﬁrmed by TUNEL assay
(Fig. 4i, j and Supplementary Fig. 26). Both cases showed
apoptosis of tumor cells within 2 mm from the cavity surface.
However, the BEP induced apoptosis of deeply invaded microscopic tumor cells (Fig. 4i) at 5 mm (Fig. 4j, Magniﬁed H&E
TUNEL images in Supplementary Fig. 26a, b), while the control
wafer could not treat tumor cells located over 2 mm depth from
the cavity surface (Supplementary Fig. 26c, d). More deeply seated
tumor cells could be treated by the BEP, since drug penetration
can be extended by mild-thermic actuation of the BEP.
Discussion
In conclusion, we have developed a ﬂexible, sticky, and biodegradable wireless device using bioresorbable materials and electronics design. The device, together with an associated mildthermic drug delivery protocol, achieved enhanced therapeutic
efﬁcacy in brain tumor treatment. The integrated device and
protocol offered wirelessly controlled, spatially focused, and
temporally extended delivery of antitumor agents up to deeply
located brain tumors. The BEP dramatically suppressed tumor
volume and enhanced survival rate in vivo. The fully bioresorbable nature of the BEP provided intracranial biocompatibility and
minimized potential side effects. The proposed material and
device technology represents an important step toward intracranial treatment of brain tumors.
Methods
Fabrication of the BEP. A sacriﬁcial layer of poly(methyl methacrylate) (PMMA;
A11, Microchem, USA) was spin coated (176 g, 30 s) onto a silicon wafer and cured
at 180 °C for 3 min. The diluted polyimide (PI) precursor solution (poly(pyromellitic dianhydride-co-4,4′-oxydianiline), amic acid solution; Sigma Aldrich,
USA) was spin coated onto the substrate (176 g, 60 s) and cured at 250 °C for 2 h to
form a bottom PI layer. PI was diluted by mixing the same mass of the PI precursor
solution and 1-methyl-2-pyrrolidinone (Sigma Aldrich, USA). A ZnO thin ﬁlm
(2 nm) was deposited by AC sputtering under an Ar atmosphere (5 mTorr, 30 W)
as an adhesion layer. In sequence, 3 μm of magnesium was deposited using a
thermal evaporator. Then, AZ5214 photoresist (PR; Microchem, USA) was spin
coated and patterned. The magnesium was etched using a custom-made magnesium etchant (nitric acid:deionized water:ethylene glycol; 1:1:3) to pattern the
wireless heater and temperature sensor. The diluted PI precursor solution was
again spin coated onto the substrate (176 g, 60 s) and cured at 250 °C for 2 h to
form a top PI layer. Then, the top and bottom PI layers were patterned using
AZ4620 PR (Microchem, USA). The PI was etched by oxygen plasma using a
reactive-ion etcher (O2, 100 sccm, 0.1 Torr, 100 W). After patterning the PI, the
sacriﬁcial PMMA layer was undercut etched using acetone at 70 °C. The device,
delaminated from the substrate, was picked up using a polydimethylsiloxane
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Fig. 4 Therapeutic efﬁcacy of the BEP in BALB/c nude mouse and canine brain tumor models. a Therapy protocol employed to investigate the BEP in both
mouse and canine model. b Representative axial T2-weighted MR images of the control wafer group, and c OST + Heating group at the indicated time
points after surgery in the mouse model. d Time dependent mean tumor volumes of the indicated groups (left) and box-and-whisker plots of tumor
volumes at 26 days after surgery (right). n = 6, 7, 6, 7, 6 for IV, Heating, OST, OST + Heating, and control wafer group, respectively in the mouse model.
Line: median Box: 25th–75th percentiles, Whisker: min to max, *p < 0.05, **p < 0.01 by Man–Whitney U-test with Bonferroni correction. e Kaplan–Meier
survival rate plots of the indicated treatment group in the mouse model, *p < 0.05 by log-rank test with Bonferroni correction. f Histology images of tissues
near the J3T-1 implantation site stained with H&E in the canine model. g Coronal T2- (top) and contrast-enhanced T1-weighted MR images of the tumor
without (left) and with (right) the BEP treatment in the canine model. h Fluorescence images of DOX diffused from the BEP into the J3T-1 tissue in the
canine model in vivo without (left) and with the mild-thermic actuation in the canine model. i TUNEL assay of the BEP treatment case after 2 days from the
implantation (left) and its magniﬁed view (right) in the canine model. j TUNEL assay of the control wafer treatment case after 2 days from the implantation
(left) and its magniﬁed view (right) in the canine model
(PDMS) stamp (Sylgard 184, A:B = 10:1). Then, the bottom PI layer was etched by
oxygen plasma. Separately, 3% (w/w) PLA or 8% (w/w) PLGA was spin coated on
top of the OST ﬁlm several times. The patch was exposed to the vapor of boiling
chloroform to make the PLA or PLGA sticky prior to transferring the device from
the PDMS stamp to the OST ﬁlm. After the transfer, the top PI layer was etched by
oxygen plasma. Finally, PLA and PLGA were spin coated several times for top
encapsulation to protect the magnesium-based electronic device. Before

implantation of the BEP, each device that was transferred onto the OST ﬁlm was
cut to have a circular shape with the diameter of 14 mm.
Mild-thermic actuation procedure. The mild-thermic actuation was applied
under the anesthesia in both mouse and canine model without the skull but with
the cover of the surgical glue and skin. The heating procedure consists of 30 min
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pulse for two times every day in the mouse model, and 30 min pulse for two times
every 2 days in the canine model to prevent anesthetic death.

6.

Histology. Tissues were ﬁxed in 10% formalin, incubated in graded ethanol,
embedded in parafﬁn, and cut into 4-µm-thick sections. The histological analyses
were performed with H&E staining for basic morphological evaluation and TUNEL
(terminal deoxynucleotidyl transferase dUTP nick end labeling) staining for
apoptotic cell detection. For immunohistochemistry (IHC), all tissue sections were
deparafﬁnized in xylene and hydrated by immersion in a graded ethanol series.
Antigen retrieval was performed in a microwave by placing the sections in epitope
retrieval solution (0.01 M citrate buffer, pH 6.0) for 20 min; endogenous peroxidase
was inhibited by immersing the sections in 0.3% hydrogen peroxide for 10 min.
The sections were then incubated with a primary mouse monoclonal antibody to
macrophage (ThermoFisher Scientiﬁc, USA, MAC387, dilution 1:200) for inﬂammatory macrophages in a canine model or a rabbit monoclonal antibody to survivin (Cell Signaling, USA, #2808, dilution 1:300) in Dako REAL antibody diluent
(Dako, USA) for a mouse model. The IHC staining of GFAP and Iba-1 for biocompatibility test was performed with the rabbit monoclonal anti-GFAP (Abcam,
USA, ab7260, dilution 1:2000) and anti-Iba-1 (Wako Chemicals, USA, 019–19741,
dilution 1:3000) using the Dako Autostainer Link 48 system according to recommended protocols. Two regions of interest from each slide were acquired and all
images were analyzed using Image J.

7.

8.

9.

10.

11.

12.

13.
Statistics. The ﬁnal tumor volume for all mice in each group was compared and
evaluated by using the Mann–Whitney U-test. The p value for the individual test
was multiplied by the number of comparison made (Bonferroni correction). The
log-rank test was used to compare the survival plot of each group. The p value for
the individual test was also multiplied by the number of comparison made
(Bonferroni correction). The paired t-test was used to compare the rotarod
retention time of two groups. The paired t-test was used to compare the quantiﬁcation results of immunohistochemistry.

14.
15.

16.
17.

Ethical approval. This study was approved by our Institutional Animal Care and
Use Committee (IACUC; No. 14-0156-C2A3) and was performed in accordance
with our IACUC guidelines and with the National Institute of Health Guide for the
Care and Use of Laboratory Animals.
Cell lines. The human GBM cell line (U87-MG) was obtained from the American
Type Culture Collection (Rockville, USA, HTB-14) and maintained in RPMI
medium with 10% fetal bovine serum (FBS) at 37 °C. All cell lines were routinely
tested to exclude infection with mycoplasma and reauthenticated using microsatellite proﬁling immediately prior to manuscript submission. The canine glioblastoma cell line (J3T-1), which was derived from the parental canine glioma cell
line (J3T), was provided by T.I, Okayama University Graduate School of Medicine,
Dentistry, and Pharmaceutical Sciences (Japan) after obtaining research ethics
approval, and maintained in the Roswell Park Memorial Institute (RPMI) medium
with 10% FBS at 37 °C48–50. For this study, the cell line used was routinely tested to
exclude infection with mycoplasma.
Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

18.
19.

20.

21.
22.

23.

24.
25.

Data availability
The datasets generated during and/or analysed during the current study are available
from the corresponding author upon reasonable request.

Received: 9 April 2019; Accepted: 21 October 2019;

26.
27.
28.
29.
30.

References
1.
2.

3.
4.
5.

8

Krex, D. et al. Long-term survival with glioblastoma multiforme. Brain. 130,
2596–2606 (2007).
Stupp, R. et al. Effects of radiotherapy with concomitant and adjuvant
temozolomide versus radiotherapy alone on survival in glioblastoma in a
randomised phase III study: 5-year analysis of the EORTC-NCIC trial. Lancet
Oncol. 10, 459–466 (2009).
Lawrence, Y. R. et al. Radiation dose-volume effects in the brain. Int. J. Rad.
Oncol. Biol. Phys. 76, S20–S27 (2010).
Lesniak, M. S. & Brem, H. Targeted therapy for brain tumours. Nat. Rev. Drug
Discov. 3, 499–508 (2004).
Upadhyay, U. M. et al. Intracranial microcapsule chemotherapy delivery for
the localized treatment of rodent metastatic breast adenocarcinoma in the
brain. Proc. Natl Acad. Sci. 111, 16071–16076 (2014).

31.

32.
33.

34.
35.

Sun, T. et al. Closed-loop control of targeted ultrasound drug delivery across
the blood–brain/tumor barriers in a rat glioma model. Proc. Natl Acad. Sci.
USA. 114, E10281–E10290 (2017).
Jain, A. et al. Guiding intracortical brain tumour cells to an extracortical
cytotoxic hydrogel using aligned polymeric nanoﬁbres. Nat. Mater. 13,
308–316 (2014).
Xing, W.-k, Shao, C., Qi, Z.-y, Yang, C. & Wang, Z. The role of Gliadel wafers
in the treatment of newly diagnosed GBM: a meta-analysis. Drug. Des. Dev.
Ther. 9, 3341–3348 (2015).
Chowdhary, S. A., Ryken, T. & Newton, H. B. Survival outcomes and safety of
carmustine wafers in the treatment of high-grade gliomas: a meta-analysis. J.
Neurooncol. 122, 367–382 (2015).
Fung, L. K. et al. Pharmacokinetics of interstitial delivery of carmustine, 4hydroperoxycyclophosphamide, and paclitaxel from a biodegradable polymer
implant in the monkey brain. Cancer Res. 58, 672–684 (1998).
Bota, D. A., Desjardins, A., Quinn, J. A., Affronti, M. L. & Friedman, H. S.
Interstitial chemotherapy with biodegradable BCNU (Gliadel) wafers in
the treatment of malignant gliomas. Ther. Clin. Risk. Manag. 3, 707–715
(2007).
Zhou, T. et al. Syringe-injectable mesh electronics integrate seamlessly with
minimal chronic immune response in the brain. Proc. Natl Acad. Sci. USA.
114, 5894–5899 (2017).
Fu, T.-M. et al. Stable long-term chronic brain mapping at the single-neuron
level. Nat. Methods 13, 875–882 (2016).
Park, S. et al. One-step optogenetics with multifunctional ﬂexible polymer
ﬁbers. Nat. Neurosci. 20, 612–619 (2017).
Yu, K. J. et al. Bioresorbable silicon electronics for transient spatiotemporal
mapping of electrical activity from the cerebral cortex. Nat. Mater. 15,
782–791 (2016).
Kang, S.-K. et al. Bioresorbable silicon electronic sensors for the brain. Nature
530, 71–76 (2016).
Shin, J. et al. Bioresorbable pressure sensors protected with thermally grown
silicon dioxide for the monitoring of chronic diseases and healing processes.
Nat. Biomed. Eng. 3, 37–46 (2019).
Boutry, C. M. et al. Biodegradable and ﬂexible arterial-pulse sensor for the
wireless monitoring of blood ﬂow. Nat. Biomed. Eng. 3, 47–57 (2019).
Zhang, R. X. et al. Design of nanocarriers for nanoscale drug delivery to
enhance cancer treatment using hybrid polymer and lipid building blocks.
Nanoscale. 9, 1334–1355 (2017).
Zhao, M. et al. Post-resection treatment of glioblastoma with an injectable
nanomedicine-loaded photopolymerizable hydrogel induces long-term
survival. Int. J. Pharm. 548, 522–529 (2018).
Hwang, S.-W. et al. A physically transient form of silicon electronics. Science.
337, 1640–1644 (2012).
Tao, H. et al. Silk-based resorbable electronic devices for remotely controlled
therapy and in vivo infection abatement. Pro. Natl Acad. Sci. USA. 111,
17385–17389 (2014).
Koo, J. et al. Wireless bioresorbable electronic system enables sustained
nonpharmacological neuroregenerative therapy. Nat. Med. 24, 1830–1836
(2018).
Hwang, S.-W. et al. 25th Anniversary article: Materials for high-performance
biodegradable semiconductor devices. Adv. Mater. 26, 1992–2000 (2014).
Choi, S. et al. Highly conductive, stretchable and biocompatible Ag–Au
core–sheath nanowire composite for wearable and implantable bioelectronics.
Nat. Nanotechnol. 13, 1048–1056 (2018).
Lacour, S. P., Courtine, G. & Guck, J. Materials and technologies for soft
implantable neuroprostheses. Nat. Rev. Mater. 1, 16063 (2016).
Zheng, Y. F., Gu, X. N. & Witte, F. Biodegradable metals. Mater. Sci. Eng. R.
77, 1–34 (2014).
Nair, L. S. & Laurencin, C. T. Biodegradable polymers as biomaterials. Prog.
Polym. Sci. 32, 762–798 (2007).
Rudnik, E. Handbook of biopolymers and biodegradable plastics 213-263
(William Andrew Publishing, Boston, 2013).
Cutright, D. E., Beasley, J. D. & Perez, B. Histologic comparison of polylactic
and polyglycolic acid sutures. Oral. Surg. Oral. Med. Oral. Pathol. 32, 165–173
(1971).
Sekitani, T. et al. A large-area wireless power-transmission sheet using
printed organic transistors and plastic MEMS switches. Nat. Mater. 6,
413–417 (2007).
Omuro, A. & DeAngelis, L. M. Glioblastoma and other malignant gliomas: A
clinical review. J. Am. Med. Assoc. 310, 1842–1850 (2013).
Nagasawa, D. T. et al. Temozolomide and other potential agents for the
treatment of glioblastoma multiforme. Neurosurg. Clin. North Am. 23,
307–322 (2012).
Budday, S. et al. Mechanical properties of gray and white matter brain tissue
by indentation. J. Mech. Behav. Biomed. Mater. 46, 318–330 (2015).
Yuk, H., Zhang, T., Lin, S., Parada, G. A. & Zhao, X. Tough bonding of
hydrogels to diverse non-porous surfaces. Nat. Mater. 15, 190–196 (2015).

NATURE COMMUNICATIONS | (2019)10:5205 | https://doi.org/10.1038/s41467-019-13198-y | www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-13198-y

36. Pramod, P. S., Shah, R. & Jayakannan, M. Dual stimuli polysaccharide
nanovesicles for conjugated and physically loaded doxorubicin delivery in
breast cancer cells. Nanoscale 7, 6636–6652 (2015).
37. Tangpong, J. et al. Doxorubicin-induced central nervous system toxicity and
protection by xanthone derivative of Garcinia mangostana. Neuroscience 175,
292–299 (2011).
38. Bettinger, C. J. & Bao, Z. Organic thin-ﬁlm transistors fabricated on resorbable
biomaterial substrates. Adv. Mater. 22, 651–655 (2010).
39. Son, D. et al. Bioresorbable electronic stent integrated with therapeutic
nanoparticles for endovascular diseases. ACS Nano. 9, 5937–5946 (2015).
40. Lee, N. et al. Water-dispersible ferrimagnetic iron oxide nanocubes with
extremely high r2 relaxivity for highly sensitive in vivo MRI of tumors. Nano
Lett. 12, 3127–3131 (2012).
41. Fung, L. K., Shin, M., Tyler, B., Brem, H. & Saltzman, W. M.
Chemotherapeutic drugs released from polymers: distribution of 1,3-bis(2chloroethyl)-l-nitrosourea in the rat brain. Pharm. Res. 13, 671–682 (1996).
42. Pardridge, W. M. Drug transport in brain via the cerebrospinal ﬂuid. Fluids
Barriers CNS. 8, 7–7 (2011).
43. Bischof, J. C. et al. Dynamics of cell membrane permeability changes at
supraphysiological temperatures. Biophys. J. 68, 2608–2614 (1995).
44. Wang, H. et al. Brain temperature and its fundamental properties: a review for
clinical neuroscientists. Front. Neurosci. 8, 307 (2014).
45. White, M. G. et al. Cellular mechanisms of neuronal damage from
hyperthermia. Prog. Brain Res. 162, 347–371 (2007).
46. Landon, C. D., Park, J.-Y., Needham, D. & Dewhirst, M. W. Nanoscale drug
delivery and hyperthermia: the materials design and preclinical and clinical
testing of low temperature-sensitive liposomes used in combination with mild
Hyperthermia in the treatment of local cancer. Open Nanomed. J. 3, 38–64
(2011).
47. Brown, T. J. et al. Association of the extent of resection with survival in
glioblastoma: a systematic review and meta-analysis. JAMA Oncol. 2,
1460–1469 (2016).
48. Inoue, S. et al. Novel animal glioma models that separately exhibit two
different invasive and angiogenic phenotypes of human glioblastomas. World
Neurosurg. 78, 670–682 (2012).
49. Onishi, M. et al. Annexin A2 regulates angiogenesis and invasion phenotypes
of malignant glioma. Brain Tumor Pathol. 32, 184–194 (2015).
50. Otani, Y. et al. Fibroblast growth factor 13 regulates glioma cell invasion and is
important for bevacizumab-induced glioma invasion. Oncogene. 37, 777–786
(2018).

Acknowledgements
This work was supported by IBS-R006-A1 and IBS-R006-D1. This work was also supported by Creative-Pioneering Researchers Program through Seoul National University
(SNU). N.L., L.W. and S.Q. acknowledge the ﬁnancial support from the US Ofﬁce of

ARTICLE

Naval Research (ONR) under Grant No. N00014-16-1-2044. The Korea Basic Science
Institute (Seoul) is acknowledged for the HPLC data.

Author contributions
J.L., H.R.C., G.D.C. and H.S. designed the experiments. J.L., H.R.C., G.D.C., H.S., S.L.,
C.-K.P., J.W.K., S.Q., L.W., D.K., T.K., J.K., H.L., W.L. and S.H.C. performed experiments
and analysis. S.L. and S.H.C. established the animal models. S.K. performed the electromagnetic simulation and analysis. S.-T.L. analyzed the electrophysiology data. T.I.
provided the canine glioblastoma cell line (J3T-1). J.L., H.R.C., G.D.C., H.S., N.L., T.H.,
S.H.C. and D.-H.K wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467019-13198-y.
Correspondence and requests for materials should be addressed to S.H.C. or D.-H.K.
Reprints and permission information is available at http://www.nature.com/reprints
Peer Review Information Nature Communications thanks Henry Brem, Martine Roussel
and the other, anonymous, reviewer for their contribution to the peer review of this
work. Peer reviewer reports are available.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2019

NATURE COMMUNICATIONS | (2019)10:5205 | https://doi.org/10.1038/s41467-019-13198-y | www.nature.com/naturecommunications

9

