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ABSTRACT: In this study, an intelligent drug delivery system
(DDS) based on implanted triboelectric nanogenerator
(iTENG) and red blood cell (RBC) is established for in situ
hepatocellular carcinoma (HCC) therapy. Apatinib (APA), as
an oral antitumor drug, which can inhibit the expression of
vascular endothelial growth factor receptor-2 (VEGFR2) is
loaded inside RBC, realizing the transform from oral
formulation to injection preparation. Multishape designed
iTENG adapted for different implant sites and environments
can harvest biomechanical energy efficiently. The electric field
(EF) generated by the iTENG can increase the release of APA,
and the release will decrease quickly when the EF disappears,
which shows that the DDS is highly controllable. The
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controllable DDS demonstrates an exciting killing ability of HCC cells both in vitro and in vivo with strikingly reduced
APA dosage. After implantation, the self-powered DDS has a prominent therapeutic effect of HCC-bearing rabbits, which is

expected to be applied in clinical medicine.
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epatocellular carcinoma (HCC), as a common
H malignant cancer, accounts for more than 90% of
primary liver cancer which is the third most frequent
cause of cancer-related death.”” HCC develops rapidly and
seriously endangers people’s health, which needs effective
treatment.” Traditional cancer therapies including surgical
resection, radiotherapy, interventional therapy,5 and chemo-
therapy can cause serious side effects.” Though surgery and
radiotherapy have a decent effect on patients at the very early
onset, many patients miss the optimal therapeutic period, as
the development course of liver cancer is not easily detected.”
After surgery, the cancer, especially HCC, is prone to recur.t
Interventional therapy lacks standardized treatment scheme
and has no effect on lesions with the same density as normal
tissue, but its targeted treatment idea is enlightening.
Chemotherapy is systemic and can cause toxic reactions to
organs in the whole body.” Precise and targeted chemotherapy,
which can combine nanotechnology, has the superiority of
precision and low side-effect.'*""
Targeted drug delivery system (DDS), as a precise and
targeted chemotherapy method, can avoid the disadvantage of
the chemotherapeutic drugs, such as low therapeutic efficacy
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and severe side effects.'” DDS transports drugs to the place of
action, and therefore vital cell destruction and side effects can
be minimized. In this regard, the chemotherapeutic drugs are
loaded in nanoparticles, liposomes, lipids, peptide nucleic
acids, micelles, or implanted hydrogel scaffolds for cancer
therapy.'> ™' These carriers can target the tumor site then
release the drug, which improves the therapy effect to a great
extent.'~"? Among these, red blood cell (RBC) has been
proved to be a good carrier candidate for delivering
chemotherapeutic drug to tumor sites due to its no
immunogenicity as autograft, perfect biocompatibility, mem-
brane stability, flexibility, and long internal circulation

time.>%*! Drug loaded RBC can gather at the tumor due to
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Figure 1. Structure and output performance of iTENGs. (a) Digital images of iTENGs with four different shapes. (b) Nanostructures on the
PTFE surface. (c) The schematic diagram of the iTENG with circle shape. (d) Working principle of the iTENG. (e) Voc and Isc of the

iTENGs with four different shapes.

the enhanced permeability and retention (EPR) effect, which is
helpful for precise and targeted therapy as a carrier.

Proper drug which can be transferred by DDS affects
therapeutic effect significantly. Apatinib (APA) is an oral drug
for gastric and liver cancer that can highly selectively inhibit
the expression of vascular endothelial growth factor receptor-2
(VEGFR2).” In the development and progression of tumor,
VEGFR2 plays a big part through the regulation of
angiogenesis, according to the analysis of pathological
molecular mechanisms.” Hence, APA can treat HCC by
reducing neovascularization. Besides, it can also kill tumor cells
directly.”*> APA in low concentration can be injected
intravenously or carried by RBC, which is an excellent drug
for DDS.

Electric field (EF) has proven to have an influence on the
molecule transmission of the RBC.”*”” EF is regarded as an
attractive choice for an RBC-based DDS control system due to
its noninvasiveness, easy manipulation, low cost, and the ability
to reach target tissues.”® Traditional commercial EF sources
are usually enormous and insecure, which prevent their

applications in portable, wearable, or implantable devices.”

Especially for implanted EF based DDS, energy depletion is a
serious problem to be solved.””*' TENG can be a promising
solution due to its infinite energy supply and small scale.””™**
In this regard, our previous work developed a DDS using a self-
powered triboelectric nanogenerator (TENG) to control the
doxorubicin (DOX) release from DOX loaded RBC, which
demonstrated an excellent therapy efficacy of cervical cancer.”
Unfortunately, the prepared TENG was not implanted into live
animals because the implant sites and environments were
complicated. The implanted TENG (iTENG) should be well
matched with the inner tissues including shape, size, elastic
strength, flexibility, and output performance.36

In this work, we demonstrated an implanted DDS based on
shape designed iTENG and RBC for in situ HCC therapy. The
DDS was developed to precisely control the chemotherapeutic
drug release from the APA loaded RBC (A@RBC). The
encapsulated iTENGs suitable for different implant sites and
environments were fabricated. The self-powered DDS not only
had excellent killing ability of HCC cells in vitro, but also
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Figure 2. Controlled release of APA from A@RBC. (a) The mass spectrum of A@RBC. (b) The UV—vis spectrum of APA, RBC, and A@
RBC. (c) The self-release of APA from A@RBC. (d) The voltage between two adjacent electrodes after the A@RBC was seeded. (e,f)
Kinetics of the iTENG-controlled drug release. The EF enhanced APA release in a controllable mode. **p < 0.01, *p < 0.0S. g-h) The optical
microscope (the upside, scale bar: 10 gm) and pseudocolored SEM images (the downside, scale bar: 200 nm) of innate RBC, A@RBC, A@

RBC+EF, and A@RBC after EF.

inhibited tumor growth in the subcutaneous tumor bearing
mice. In further, the self-powered DDS was implanted between
the diaphragm and liver of rabbits and demonstrated an
outstanding in situ antitumor efficacy.

RESULTS AND DISCUSSION

Fabrication and Characteristics of the iTENG. For
implant application, the shape of iTENG should be adapted for
specific implant site and environment. In this experiment,
iTENGs with four different shapes (circle, rectangle, square,
and rhombus) were prepared, as shown in Figure la. Taking
the iTENG of circle shape as an example, the detailed structure
is illustrated in Figure lc. The two friction layers were
aluminum (Al) foil and polytetrafluoro ethylene (PTFE)
membrane, respectively. Nanostructures on the PTFE surface
was produced by inductively coupled plasma (ICP) etch to
improve the output of the iTENG (Figure 1b). A cuprum
(Cu) electrode with a thickness of about 200 nm was
magnetron sputtered on the surface of the PTFE membrane.
Two tiny magnets with about 8 mm in diameter were sticked
to the surface of the Cu electrode and Al foil to separate them
via magnetic repulsion. The magnet structure which potently
guaranteed the separation and contact process of iTENG
worked better than previous spacer or keel structure especially
in circle shape. Based on this structure, iTENGs with irregular
shapes such as arc shape and star shape would also working
normally. The TENGs were packaged by kapton tape, PTFE

tape, and polydimethylsiloxane (PDMS) to protect the iTENG
from liquid environment. Based on the coupling of contact
electrification and electrostatic induction, the detailed working
principle of the TENG is illustrated in Figure 1d. Under
periodic contact and separation of two triboelectric layers,
electrons were driven back and forth through the external
circuit. After encapsulation, the iTENGs of four different
shapes could similarly reach the open-circuit voltage (Voc) of
90 V, short-circuit current (Isc) of 850 nA (Figure le) and
transferred charge (Qsc) of 35 nC (SI Figure S1) when the
friction areas were 9 cm?, which suggested that our iTENGs
were proper to serve as implanted power source for DDSs.
APA Loading and Controlled Release by iTENG. The
APA was encapsulated into RBC based on the classical
hypotonic dialysis method. First, fresh RBC was swelling in
hypotonic solution containing the chemotherapeutic drug
APA, during which adenosine triphosphate (ATP), glutathione
(GSH), some other metabolic stabilizers, and low temperature
were provided to protect the RBC from oxidative damage.
Besides, the pH was strictly controlled between 5 and 6, for the
membrane structure could be destroyed by low pH (SI Figure
S2). After incubated with hypotonic solution for 40 min, the
inflated RBC were transferred into a hypertonic buffer (300
osm) to obtain the APA loaded RBC (A@RBC). The
molecular mass of 397.4 was detected in both APA (SI Figure
S3) and A@RBC samples (Figure 2a), suggesting that APA
had been successfully loaded into the RBC. The UV—vis
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Figure 3. Self-powered EF device to treat hepal-6 cells. (a) Digital images of the EF stimulation device and the flexible interdigitated
electrode. (b) The schematic diagram of self-powered EF DDS to treat Hepal-6 cells. (c) Optical image of the interdigitated electrode. (d)
The cell viabilities in the control, EF, RBC, and RBC+EF group had little difference. The cell viabilities in the APA, APA+EF, A@RBC, and
A@RBC+EF group decreased obviously. The data was based on the mean + SD and error bars were based on at least three samples. **p <

0.01, *p < 0.05.

spectra further confirmed that the A@RBC had the same
emission peak as APA at 254 nm, while the control RBC did
not have obvious absorption peak (Figure 2b). From the
standard curve quantified by UV—vis spectra (SI Figure S4), it
was calculated that about 177 ug APA molecules were
encapsulated into 1 mL RBC membrane. As for self-release
behavior, above 70% of APA was maintained in the RBC
membrane after a week, showing a relatively low intrinsic APA
release (Figure 2c).

The same two-dimension (2D) stimulation device as
previous work was used for the drug release in vitro.”> We
investigated the voltages of 0 V, SV, 15V, 30 V, 90 V, and 180
V on the APA release from A@RBC. The release rate of APA
was slightly increased as the voltages were 5 and 15 V. When
the voltage was above 30 V, APA release rate was obviously
accelerated, and the release rate was increasing with the rising
of voltage (SI Figure SS). After the A@RBC sample was
seeded in the device, the voltage between two adjacent
electrodes could reach 32 V (Figure 2d). As shown in Figure
2e, the group with EF stimulation showed much more APA
release than that without EF during the Period 1 of the first 10
min. Once the iTENG stopped working, the release rate of EF
group quickly slowed down in the Period 2 of the next 20 min.
Then stimulation had been performed for 30 min in Period 3,
during which the release of the stimulation group had reached
40%, much faster than that of the control group (about 10%).
Next when the EF disappeared again, the release rate of the
stimulation group was down to the baseline in Period 4. Figure
2f showed that after stimulation for 10 min, the released APA
was about 3 folds of the control group; during Period 3, the
released amount of the EF group was about 11 folds of the
control. As the iTENG ceased work, the group with EF did not
show any difference of APA release from the group without EF
during Period 2 and Period 4. We continuously stimulated the
A@RBC for 24 h with the voltage of 32 V, and the maximum
release of APA was about 71.5% (SI Figure S6). These results

demonstrated that the EF generated by iTENG could
accelerate the release of APA in a controllable mode.

To further observe the structure changes of the membranes,
optical microscope and scanning electron microscope (SEM)
were used in the next experiment. The original RBC (Figure
2g) and A@RBC (Figure 2h) exhibited normal structure, while
the diameter of the A@RBC became much smaller, mainly
because a great deal of inside hemoglobin escaped during the
hypotonic progress. After EF stimulation for 10 min, some
RBC exhibited nanopores on the surface of RBC (Figure 2i).
This result showed that electroporation of A@RBC was
triggered by the EF. After the EF was revoked, the membranes
were self-healing and the pores disappeared (Figure 2j). Under
the highfield provided by iTENG, nanopores were generated
on the RBC membrane. After the EF disappeared, the pores
were self-healed, showing a controllable release pattern by the
electroporation mechanism. After stimulation for 3 days with
the voltage of 180 V, the SEM picture showed that most A@
RBCs were still intact (SI Figure S7).

iTENG Controlled EF DDS to Treat Hepal-6 Cells. The
self-powered EF stimulation device was integrated with an
iTENG and an interdigitated electrode. The substrate was
polyethylene terephthalate (PET), so the stimulator could be
flexible, as shown in Figure 3a. The PET substrate was
deposited by Au electrodes with gaps of 100 ym and widths of
100 ym to increase the EF applied on the A@RBC (Figure
3b,c). Further, the surface of Au electrodes was covered by an
ultrathin PDMS film for insulation. When the cells were seeded
in the hollow cylinders that fixed on the PDMS surface, they
could be stimulated by the EF generated by the iTENG. After
incubation with APA, RBC, or A@RBC for 1 h, the hepal-6
cells were stimulated by the EF for another 1 h and further
cultured for 24 h without EF. Then the cell viability was
evaluated by cell counting kit-8 (CCK-8) assay. The results
showed that EF stimulation and RBC did not have any
difference on the cell state. The viability of Hepal-6 cells in 1
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Figure 4. Controlled EF DDS to treat the subcutaneous tumors of 60 mice. (a) The sketch map of microneedle electrodes to delivery EF to
the tumor. (b) The schematic illustration of the experiment design. (c) The tumor accumulation of A@RBC measured by in vivo animal
imaging system at 12 h, 24 h, 48 h, and 96 h. (d) The accumulated A@RBC in tumor and the ratio of tumor-to liver fluorescence intensity.
(e) The tumor growth curve in vivo. (f) The digital pictures of the mice on Day 30. (g) Image of the isolated tumors in each group on Day
30. Scale bar: 1 cm. (h) The HE immunohistochemistry images of the tumors in each group. Scale bar: 100 gm. (i) The survival curve of

mice from different treatment groups.

pug/mL APA decreased to 78.4%, while the cells in free APA
combined with EF group (APA+EF) had a slightly lower
viability to 65.7%, mainly because the EF increased the cell
endocytosis of APA. The cell viability in A@RBC group
decreased to 42.8%, for the colocation of A@RBC and hepal-6
cells promoted the hepal-6 cells to uptake more of the released
APA. When combined with EF, the cell viability decreased to
23.9% in the A@RBC + EF group, which suggested that the
self-powered EF DDS had enhanced the ability of killing liver
cancer cells (Figure 3d).

iTENG Controlled EF DDS to Treat Subcutaneous
Tumor in Mice. For the subcutaneous liver cancer model, 60
Hepal-6-tumor bearing c¢57 mice were constructed and a pair
of steel microneedles were utilized to delivery EF provided by
the iTENG to the tumor site (Figure 4a). The experiment
design was illustrated in Figure 4b. Hepal-6 cells were seeded
subcutaneously at the back leg on day 0, then PBS, APA, or
A@RBC was injected through tail vein when the tumor
volume grew to 100 mm®. Besides, the accumulation of the A@
RBC after injection was also monitored by the in vivo animal
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Figure 5. ITENG controlled implanted DDS to treat in situ tumor of rabbit. (a) Schematic diagram of the iTENG based devices implanted
between the tumor and diaphragm to provide EF. (b) Digital image and (c) schematic diagram of the iTENG connected with interdigitated
electrodes. (d) The enhanced CT scan of tumors in each group on Day 21. Scale bar: 1 cm. (e) Image of the isolated tumors in each group
on Day 30. Scale bar: 1 cm. (f) The HE immunohistochemistry images of the tumors in each group. Scale bar: 100 ym. (g) The CD31
immunohistochemical staining of neovascularization in all groups. Scale bar: 100 gm. (h) The relative CD31 density in each group. ** p <
0.01, * p < 0.0S. (i) The DSA of a rabbit in A@RBC group on Day 0 and Day 21.

imaging system. At 12 h after injection, some of the A@RBC
reached the tumor site, while most accumulated in the liver.
From 24 to 48 h after injection, the amount of A@RBC at the
tumor site kept increasing rapidly and at 48 h the fluorescent
density of the tumor was nearly equivalent to that of the liver.
The fluorescence images of all major organs compared to
tumors for control and treated animals at 72 h confirmed that
the A@RBC could reach and gather at the tumor site (SI

Figure S8). Then at 96 h after inoculation, the cumulative A@
RBC in the liver decreased hastily while most A@RBC
remained at the tumor site due to the EPR effect of tumor
(Figure 4c). Figure 4d showed the change of tumor
fluorescence intensity and the time-varying intensity ratio of
tumor-to-liver. To value the therapeutic efficiency, the mice
with tumor were separated in control (PBS), APA, APA+EF,
A@RBC, and @RBC+EF groups randomly. The APA dose of
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S mg/kg body weight in the APA, APA+EF, A@RBC, or A@
RBC+EF group was administrated three times on Day 7, Day
9, and Day 11, respectively. In the PBS group, the tumor grew
up in an uncontrollable pattern. APA or APA+EF could slightly
inhibit the growth of the liver tumor but could not eliminate it.
Due to the accumulation of A@RBC in the tumor, the growth
speed of tumors significantly slowed down. In the meantime,
combined with EF stimulation, A@RBC+EF group could
effectively enhance the suppressive effects on tumor progress.
The tumors barely grew before Day 22 and began to grow
slowly after that time (Figure 4e). On Day 30, the mice could
hardly bare the tumor in control group, while the tumor in A@
RBC+EF group was the smallest (Figure 4f). Half of the mice
were euthanized, and the tumors in each group were stripped
out. In A@RBC+EF group the tumors had much smaller
volume than that in the other groups, as shown in Figure 4g
and SI Figure S9. Meanwhile, hematoxylin-eosin (HE)
immunohistochemistry staining (Figure 4h) and Ki67 experi-
ment (SI Figure S10) also demonstrated the minimal tumor
cell proliferation in the A@RBC+EF group. The survival time
of mice in A@RBC+EF group was significantly extended, and
no individual death happened during the observation period
(Figure 4i). The body weight of the mice was recording every
2 days and kept stable during the treatment period, suggesting
negligible harm caused to the mice (SI Figure S11). Above
results suggested the exciting therapeutic efficacy of the self-
powered DDS in mice.

iTENG Controlled RBC DDS to Treat In Situ Tumor of
Rabbit. Next, the antitumor efficiency and antiangiogenic
activity of the iTENG controlled A@RBC DDS was studied in
situ live tumor of rabbit (Figure Sa). Before this, we implanted
the iTENGs subcutaneously in rats for 1, 2, and 3 months to
test the biocompatibility and stability of the self-powered EF
devices. The HE staining and Masson’s trichrome staining of
the tissue slices retrieved at 1, 2, and 3 months showed that the
host immune responses were minimal (SI Figure S12). Besides,
the flow analysis of the implant sites was investigated, which
had little host innate immune macrophages (SI Figure S13,
brilliant violet (BV)-labeled F4/80) and neutrophils (SI Figure
S14, APC-labeled Ly6G) at the formed tissues around the
implants, indicating negligible inflammation. Also, the voltage
outputs of these self-powered EF devices kept stable after 3
months of implantation, demonstrating favorable stability (SI
Figure S15). A square-shaped iTENG was connected to a pair
of perylene C packaged microneedle electrodes and flexible
PDMS encapsulated interdigitated electrodes to increase the
contact chance of tumor vessels and electrodes in the
experiment (Figure Sb and Figure Sc). After the iTENG was
implanted between the tumor and diaphragm of a rabbit (SI
Figure S16), it could generate a voltage of about 33 V (SI
Figure S17). The rabbits were randomly divided into control,
APA, APA+EF, A@RBC, and A@RBC groups when the
diameter of tumors reached about 1 cm (Day 0). In addition,
the enhanced computed tomography (CT) scan of tumor in
each group was performed on Day 7 (SI Figure S18, the
upside) and Day 21 (Figure 5d). The tumors grew rapidly, and
ascites appeared around the liver in the control group, which
indicated the tumors deteriorated seriously. With APA
injected, it could induce a handful of necrosis on some tumors
but could not control the tumor growth. Similar to the
experiment results of mice, A@RBC+EF group achieved the
most effective antitumor performance in the VX2 tumor
bearing rabbits. The same tumor-bearing rabbits in each group

were sacrificed on Day 7 and Day 21, and the picture of tumor
specimens were shown in SI Figure S18 (the downside) and
Figure Se, respectively. The tumor volumes in A@RBC+EF
group were smallest among all the groups. HE immunohis-
tochemistry staining further confirmed that the A@RBC+EF
group had the maximum tumor necrosis compared with the
other groups (Figure 5f). The Ki67 experiment also indicated
the minimal tumor cell proliferation in the A@RBC+EF group
(SI Figure S19). The CD31 immunohistochemical staining of
neovascularization is shown in Figure Sg. Taking the control
group as a baseline, the neovascularization decreased relatively
in the APA, APA+EF and A@RBC groups but no significant
difference was found. Interestingly, the A@RBC+EF group had
less angiogenesis compared with the other groups (Figure Sh).
In addition, in A@RBC+EF group more tumor vessels could
be clearly observed by digital subtraction angiography (DSA)
immediately after the iTENG implantation on Day 0. While on
Day 21, the tumor vessels decreased obviously (Figure S5i),
which indicated that the iTENG controlled DDS could highly
inhibit the tumor growth by reducing angiogenesis. These
results demonstrated that the self-powered implanted DDS was
a feasible method for HCC therapy.

CONCLUSIONS

HCC, a common malignant cancer, is a serious threat to
human health. Among the cancer clinical treatments, chemo-
therapy is widely used, but usually does harm to the heart,
intestines, stomach, kidney, and so on. In this regards, targeted
DDSs are developed to circumvent these side effects, which
can directly reach and penetrate into the tumors. They
significantly reduce drug dose compared with the oral method,
which can reduce the damage to vital cells and tissues markedly
and minimize harm to normal organs.””** APA is usually
administrated orally, but the induced complications such as
hypertension, proteinuria, and hand-foot syndrome limit the
continual use of the drug.*”*’ The oral dose is 10—20 times
higher than intravenous injection, thus causing strong drug
resistance.*' ™ In this regard, the APA is loaded in
nanoparticles, liposomes, lipids, peptide nucleic acids, or
micelles to realize intravenous injection in most recent
works.*** In these noninvasive systems, the structures of
the carriers are disrupted by the acidic and anaerobic tumor
microenvironment to passively release drugs in a relatively
short time, which cannot control the drug release rate strictly.
Other implants, such as hydrogels and scaffolds, can control
the drug release by infrared light or the tumor microenviron-
ment."”"”~"” In addition, the hydrogel scaffolds can also help
with tissue reparation especially in breast cancer.'>'® However,
the nonspecific hydrogel systems are characterized by low drug
loading ability, unwanted drug leakage, limited biocompati-
bility, and severe drug resistance. Moreover, the sophisticated
hydrogels with light-responsive-drug-release and functional
agents increase the preparation process and the complexity of
DDS. For our implantation system, the small device size, the
tunable device shape for different implant sites, and the
advanced surgical technique can also realize minimal invasion.
Moreover, for the patients who require both surgical treatment
and chemotherapy, the implantation process can be accom-
plished during surgery. However, for the patients who cannot
afford major surgery, the implantation of microelectrodes alone
to the tumor site is an optimal choice. The self-powered DDS
can precisely and efficiently control the release rate of APA
according to the willingness of the individual or the doctor for
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a longer time. Besides, the drug release responding to EF is
very quick. What’s more, the EF generated by the TENG can
also enhance the endocytosis of tumor cells to chemo-
therapeutical drug, thus further reducing the drug dose and
side effect.”® APA has the approximate molecular weight with
DOX, which can be loaded by RBC similarly. As an oral
formulation for HCC therapy, APA can be transferred into
injection dosage by RBC loading.

In this work, we developed iTENGs with different shapes for
EF controlled DDS, which suited for implantation in different
sites and environments. The magnets in iTENG were the key
to potently guarantee the detach and contact process, which
improved the output of iTENG significantly. The EF provided
by the iTENG was demonstrated to effectively increase the
APA release from RBC by electroporation mechanism. APA
could potently inhibit HCC cells proliferation and tumor
growth both in subcutaneous liver tumor and in situ liver
tumor by reducing neovascularization.

To research the performance of iTENGs in vivo, the
iTENGs were implanted between the diaphragm and liver to
harvest mechanical energy from the body breath. With iTENG
acting as the electric source and the microneedles and flexible
interdigitated electrodes serving as the electrodes, the
integrated DDS could be entirely implanted into the body to
provide EF for intrabody tumor therapy. With reduced drug
dosage of 5 mg/kg body weight, this self-powered system
remained great antitumor efficiency. In this regard, our
iTENG-based EF DDS is very promising to be applied in
implantable medicine.

In summary, we successfully established a self-powered
controllable DDS for in situ HCC therapy. The iTENGs with
different shapes were fabricated for implantation in different
sites and environments. The self-powered DDS demonstrated
a controllable release mode. The EF stimulation provided by
the iTENG increased the APA release from A@RBC, while
after the EF was withdrawn, the enhanced release would also
cease. The iTENG could generate EF to increase APA release
for in situ HCC therapy. These results demonstrated a
distinguished therapeutic effect of cancer with very low APA
dosage by the self-powered controllable DDS. This implanted
DDS is highly promising to be used in the clinical medicine.

EXPERIMENTAL SECTION

Fabrication of the iTENG. The contact-separation mode iTENG
designed for this experiment had a PTFE membrane with surface
microstructures to serve as one triboelectric layer, and an alumimum
(Al) sheet as the other triboelectric layer and electrode. The
inductively coupled plasma (ICP) reactive ion etching process was
executed on the PTFE surface, in order to achieve nanostructures.
The detailed parameters for the ICP treatment could be seen in the
reference paper.®> A Cu film was magnetron sputtered on the PTFE
membrane to serve as an electrode with a thickness of about 200 nm.
To separate the two triboelectric layers, a pair of magnets were pasted
on their back surface. Then the nude iTENG was in sequence
packaged by Kapton tape, PTFE tape, and PDMS. The output of
iTENG was measured by Keithley 6517 electrometer and tektronix
oscilloscope system.

Preparation of A@RBC. APA was dissolved in HCI solution (1
M) and then the pH of mixed solution was adjusted between S and 6.
The RBC were derived from the whole blood that acquired from ¢57
mice by centrifugation (2500 rpm, 10 min). After washing with 1X
PBS, the sedimentary RBC was suspended in the PBS which was 30%
in volume. Hypotonic buffer (4 mL) containing APA (200 pg/mL),
reduced glutathione (GSH) (3x 107> M), ATP (2 X 10~ M) and
some other stabilizer was gradually mixed with RBC suspension (1

mL) then the mixture was put into 4 °C for about 40 min. After
centrifugation, the sediment was resealed in a hypertonic solution at
37 °C for 40 min. The redundant APA was discarded by PBS washing.

Characterization of A@RBC. After hypotonic process, the UV—
vis spectra and mass spectrum were carried out to conform the
successful preparation of A@RBC. The A@RBC sample was
disintegrated by RBC lysis buffer, and the whole APA was purified
by centrifugation and filtration of 200 nm strainer. The loaded
content of APA was determined by UV—vis spectra. The morphology
of original RBC, A@RBC, A@RBC + EF, and A@RBC after EF was
observed by optical microscope and scan electron microscopy (SEM)
after gradient centrifugation.

Preparation of the Flexible Interdigital Electrode. The
positive photoresist was spinning coated on a PET film (2000 rpm,
30 s) then heated at 75 °C for 2 min. After that the dry photoresist
was exposed by ultraviolet light for 15s. After exposure, the PET film
was baked at 75 °C for 2 min and soaked in the photoresist developer
to form interdigital model. A Cu membrane was magnetron sputtered
on the surface of the interdigital model. Then the PET film was
soaked in stripping chemicals for positive resist, forming the flexible
interdigital electrodes. An ultrathin PDMS membrane was deposited
on the surface of the electrodes for encapsulation as well as insulation.

In Vitro Cell Experiment. The hepal—6 cells were cultured in
DMEM medium containing 10% (v/v) fetal bovine serum (FBS),
streptomycin (100 g mL™") and penicillin (100 U mL™"). After the
hepal—6 cells were seeded and cultured for 12 h, they were divided
into eight groups including control, EF, RBC, RBC+EF, APA, APA
+EF, A@RBC and A@RBC+EF. Every group contained at least
triplicate parallel tests.

In Vivo Subcutaneous Liver Tumor of Mouse. The
experimental ¢S7 mice (female, 4—5 weeks old) were feeded in the
lab for 1 week, the hepal-6 tumor cells were implanted in the
subcutaneous part of hind leg. Six X10° hepal—6 cells in 100 uL PBS
were injected subcutaneously into the right side of the mice to form
liver tumors. After tumor volumes reached about 100 mm?, various
treatments were carried out.

In Vivo Tumor Accumulation of A@RBC. The membrane of
A@RBC was stained by red fluorescent dye (DiD). After ultrasonic
treatment, the A@RBC was inoculated to hepal-6 tumor-bearing mice
through tail vein with the APA dose of 5 mg/kg body weight. At 12 h,
24 h, 48 h, and 96 h, respectively, the distribution images of A@RBC
were obtained by the in vivo animal imaging system.

In Vivo Antitumor Evaluation of Mouse. Commercial medical
steel microneedles were utilized for delivering EF generated by the
iTENG. The tip parts of the microneedles were deposited by perylene
for insulation. Sixty ¢57 black mice were randomly separated into
control, APA, APA+EF, A@RBC, and A@RBC+EF groups. 200 uL
PBS, APA, or A@RBC were intravenously administrated to different
groups with the APA dose of S mg/kg body weight. Three drug
administrations on Day 7, Day 9, and Day11 were carried out. Judged
by in vivo accumulation of A@RBC, the iTENGs worked about 12 h
after the drug injection for 20 min each time. The microneedle
electrodes connected to the iTENG were parallelly inserted into the
tumors. The tumor volume was recorded every 2 days. On Day 28,
half the mice in each group were euthanized. The tumor size and
morphology were obtained using a digital camera. Besides, HE and
anti-Ki67 immunohistochemical assay was obtained with the tumor
slices. The remaining mice were used for recording the survival time.

In Vivo Antitumor Evaluation of Rabbit. Twenty-five rabbits
were inoculated with VX2 cells in the liver. After the tumors grow to
about 1 cm in diameter, the tumor bearing rabbits were randomly
separated into control (PBS), APA, APA+EF, A@RBC, and A@RBC
+EF groups. The PBS, APA, or A@RBC with the APA dose of 5 mg/
kg body weight was injected to rabbits through marginal ear vein
respectively on Day 1, Day 3, Day S, and Day 7. The iTENG and soft
electrode membrane were stacked tightly and put between the liver
and diaphragm, and microneedle electrodes were inserted into the
tumor. EF stimulation was generated by respiration action. The
angiography images were obtained under digital subtraction
angiography (DSA). Besides, the enhanced computed tomography
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(CT) was performed on Day 7 and Day 21 and then one tumor
bearing rabbit of each group was sacrificed to obtain the specimens.
HE stain assay and CD31 immunohistochemical staining experiment
were done with the tumor paraffin slices. The animal experiments
were approved by the Institutional Animal Care and Use Committee
at Tongji Medical College, Huazhong University of Science and
Technology (IACUC-$2525).
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