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Highly Efficient In Vivo Cancer Therapy by an Implantable

Magnet Triboelectric Nanogenerator

Chaochao Zhao, Hongqing Feng, Lijun Zhang, Zhe Li, Yang Zou, Puchuan Tan,
Han Ouyang, Dongjie Jiang, Min Yu, Chan Wang, Hu Li, Lingling Xu, Wei Wei,*

and Zhou Li*

In this work, a nanogenerator-controlled drug delivery system (DDS) for use
in cancer therapy is successfully established. A new magnet triboelectric
nanogenerator (MTENG,) is fabricated that can guarantee the contact and
detach cycle between the two friction layers and effectively increase the
TENG output, up to 70 V after implantation. Using a special structural
design, without the commonly used spacer, this contacting-mode MTENG
can ensure a high and consistent electricity output after encapsulation and
implantation. Doxorubicin-(DOX-) loaded red blood cells (RBCs) are employed
as the anti-tumor DDS in this study. After DOX loading, the RBC membranes
are stable and the self-release is very slow. However, upon electric stimulation
from the MTENG, the release of DOX is remarkably increased, and falls

back to normal again after the stimulation. Thus a controllable DDS is
established. The MTENG-controllable DDS achieves an outstanding

killing of carcinomatous cells both in vitro and in vivo at a low DOX dosage.
These results demonstrate a prominent therapeutic effect of the MTENG-
controlled DDS for cancer therapy, which is highly promising for application

1. Introduction

Chemotherapy for cancers has been well
known to have severe side effects and low
therapeutic efficacy. For example, Doxo-
rubicin (DOX), one of the most famous
chemotherapeutic drugs, is frequently
used in the treatment of various solid and
hematopoietic tumors.!!l Meanwhile, DOX
has been reported to cause many toxic side
effects, including cardiotoxicity, myelosup-
pression, mucositis, and alopecia.l’l’ To
overcome the shortcomings of the chemo-
therapeutic drugs, targeted drug delivery
systems (DDS) have been proposed and
extensively studied in the past few dec-
ades.’] DDS are designed to improve the
specific targeting, increase drug delivery
to the sites of interest, and decrease the

in the clinic.
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incidence and intensity of the side effects.

Among these efforts, nanoscaled par-
ticles and vehicles have attracted great

interest because of the enhanced permea-
tion and retention (EPR) effect for tumors.! To date, many
nanovehicles have been developed, such as micelles, nanopar-
ticles, ! microcapsules,”! and nanogels.®] However, few of them
have fully met the clinical requirements due to their biotoxicity
and unsatisfactory pharmacokinetic index. Most recently, cell or
cell-derived membrane vehicle based DDS have attracted much
attention by virtue of their biological origin, intrinsic biocom-
patibility, and a variety of physicochemical properties.’l Among
them, red blood cells (RBCs) are good candidates because they
have perfect biocompatibility, no immunogenicity as autograft,
easy availability, long circulating half-life (120 d in humans),
and membrane flexibility and stability.!%! Although RBCs have a
diameter of micrometers, they are still within the effective size
range of EPR (300 nm—4.7 um).'!l In addition, their membrane
flexibility allows them to permeate to the tumor sites. With
the help of magnet nanoparticles and surface ligates, the per-
meation and localization efficiency can become even higher.['?]
DDS are committed to reduce the drug release in unwanted
sites but to enhance it in the targeted sites. Therefore stimuli-
responsive or controllable release behavior is a preferred fea-
ture. RBC-based DDS that can be responsive to stimulations
such as electric field (EF), near-inferred light, magnetic field,
and ultrasound have been established.['l Among the aforemen-
tioned external stimulations, EF is regarded as an attractive
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choice because of its minimal invasiveness, the ability to reach
targeted tissues, easy manipulation, and low cost.'¥l However,
traditional EF source is generated by commercial high voltage
power supply with bulk volume and insecurity, which holds
back its application as a portable or wearable device. Moreover,
depletion of energy source is also a severe challenge for its
medical application.

Recently, the development of nanogenerators as self-powered
energy sources has gained tremendous progresses.'>] Tribo-
electric nanogenerators (TENGs) can be easily fabricated and
miniaturized using flexible materials, and generate voltages
up to kilovolt from unordered ambient mechanical energy.!'®!
TENGs have been successfully applied as wearable power
source to harvest the energy from body motions.['”] Several fron-
tier researchers have also proved the feasibility of developing
TENG-based implantable biomedical devices.'! Therefore
implantable TENGs can be a promising solution toward EF-con-
trolled DDS with its small scale and infinite energy supply.

In this article, we demonstrated the first TENG sup-
ported controllable DDS for cancer therapy and obtained
an outstanding anti-tumor efficacy in vivo. An encapsulated
magnet-TENG (MTENG) with novel structure was fabri-
cated to control the drug release from the DOX loaded RBCs
(D@RBCs). Under the EF stimulation by the MTENG, the DOX
release was significantly increased; after the EF withdrawal, the
release went back to normal again. Thus the MTENG resulted
in a controllable drug release pattern. The MTENG supported
DDS not only induced great viability reduction in traditional
2D culture of Hela cells but also prompted significant growth
inhibition and cell apoptosis in the 3D multicellular spheroids
(MCTS). In further, the TENG enhanced DDS were applied in
tumor-bearing nude mice and demonstrated an excellent anti-
tumor efficacy in vivo.

2. Result and Discussion

2.1. Fabrication and Characteristics of the MTENG

Figure 1A B illustrates the detailed structure of the MTENG.
Polytetrafluoro ethylene (PTFE) and titanium were used as the
two friction layers. Nanostructures were made on the PTFE sur-
face to enhance the output of the MTENG. A Cu film with a
thickness of 200 nm was magnetron sputtered on the back of
PTFE to act as an electrode. The outer PTFE and polydimethyl-
siloxane (PDMS) film served as encapsulation layers to protect
the MTENG from harsh environment. The diameter of the
friction layers and the encapsulation layers was 2.5 and 4 cm,
respectively. Early reported TENGs usually have spacer struc-
ture or “keel structure,”” but one main challenge is that after
the TENG is encapsulated or works for a long time, the output
will decrease significantly because the two friction layers have
less tendency to detach from each other gradually. To overcome
this challenge, we designed this MTENG employing a pair of
small magnets. Two magnets with a diameter of 8 mm were
fixed on the back of the two friction layers to separate them via
magnetic repulsion (Figure 1C). Detailed working principle
based on the coupling of contact electrification and electrostatic
induction of the MTENG is illustrated in Figure 1D. Electrons
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are driven back and forth through the external circuit under
a periodic mechanical force. Before encapsulation, the open-
circuit voltage (V,), short-circuit current (Iy), and transferred
charge (Q) could reach 70V, 0.55 pA, and 25 nC, respectively
(Figure 1E, and Figure S1A,D, Supporting Information). After
encapsulation and implantation subcutaneously in streaky
pork, the V,, I, and Q,. were just the same as the pre-encap-
sulation ones (Figure 1F,G, and Figure S1B,C,EF, Supporting
Information). This advantage resulted from the magnets, which
effectively guaranteed the contact and separation process of the
MTENG. The MTENG also exhibited very long life cycle; the
outputs were the same as the initial state after 100 000 cycles
(Figure S2, Supporting Information). These results all sug-
gested that our MTENGs were very suitable to serve as implant-
able power source for medical applications.

2.2. DOX Loading into RBCs

The hypotonic dialysis method was used to load DOX into
RBCs in this experiment. Briefly, a mix of fresh RBC suspen-
sion and DOX with a concentration of 200 ug mL™! (Figure S3,
Supporting Information) was incubated at 4 °C, and then the
inflated RBCs were transferred into a hypertonic buffer at 37 °C
to recover the osmotic pressure and reseal the membranes.
Glutathione (GSH), adenosine triphosphate (ATP), and some
other metabolic stabilizer were added during the loading step to
protect the RBCs from oxidative damage and protect the mem-
brane structure.

Almost all the RBCs were kept intact after drug loading and
stored for 7 d (Figure S4A,B, Supporting Information). Obvious
DOX fluorescence was observed in the confocal images, sug-
gesting that DOX had been successfully encapsulated inside
the RBCs (Figure 2A). The fluorescence emission spectra fur-
ther confirmed the D@RBCs had the same emission peak as
DOX at around 590 nm, while control RBCs had barely any flo-
rescence emission (Figure S4C, Supporting Information). Flow
cytometry data (Figure S4D,E, Supporting Information) showed
that about 90.0% of the D@RBCs were loaded with DOX. From
the standard curve (Figure S5, Supporting Information) quan-
tified by fluorescence emission spectra (DOX fluorescence), it
was estimated that about 144 ug DOX was loaded inside 1 mL
RBC solution; in other words, about 7.45 x 10’ DOX molecules
were loaded in each RBC on average. As for long-term release
behaviors, above 70% of DOX was maintained in the RBC after
7 d, proving a low intrinsic DOX release kinetics (Figure S4F,
Supporting Information).

2.3. Controlled Drug Release from D@RBCs by MTENG

After DOX loading, the EF generated by MTENG was applied
on the D@RBCs in a 2D stimulation device. The device sub-
strate was deposited with interdigital electrodes with widths of
100 um and gaps of 100 um. A layer of biocompatible PDMS
of about 20 um thick was spin-coated on the electrodes for
insulation. In order to protect RBC suspension from flow
away, a biocompatible polylactic acid (PLA) mold made by 3D
printing technology was fixed on the PDMS substrate to make
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Figure 1. Device structure and output performance of the MTENG. A) Digital image and B) the schematic diagram of the MTENG. C) Original state
of MTENG. The two friction layers separate from each other due to magnetic repulsion. D) Working principle of The MTENG. E,F) V,. of the MTENG
before and after encapsulation. G) V,. of the MTENG after encapsulation and implanted subcutaneously in streaky pork.

a reservoir (Figure 2J). The output of the MTENG delivered to
this device generated an EF up to 4 kV cm™! (Figure 2B).

As shown in Figure 2C, after stimulated by the EF gener-
ated by MTENGs for 1 h, 40.3% of DOX was released from the
RBCs. As time elapsed, the released DOX increased to 59.7%
after 8 h of EF stimulation. In marked contrast, less than 14.4%
of DOX was released in the same condition expect for the EF.
Then the following experiment was carried out: the D@RBCs
were treated with EF for 10 min, and the DOX release was
monitored for 1 h (Figure 2D). The group with EF stimula-
tion had much more DOX release than the group without
EF at the end of 10 min EF treatment. When the MTENG
stopped working, the EF group showed no difference of drug
release with the control group during the next 20 and 50 min
(Figure 2E). Figure 2E also shows that after being stimulated
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by EF for 10 min, the released drug was more than threefold of
the control; after being stimulated for 1 and 8 h, the release was
about fourfold. These results demonstrated that the accelerated
release of DOX only took place in the presence of EF.

To study the morphology changes in the membranes, scan-
ning electron microscope (SEM) was employed before and after
EF treatment. The initial RBCs (Figure 2F) and DOX loaded
RBCs (Figure 2G) displayed normal biconcave shape, while the
DOX loaded RBCs showed smaller diameter. After EF treatment
for 10 min, some RBCs shrank and some exhibited obvious pores
on the membrane (Figure 2H). These results demonstrated that
electroporation had been induced in the RBC membranes by the
EF. After the EF was withdrawn, the membrane pores rehealed
by themselves (Figure 2I). Therefore the mechanisms of the
TENG-controlled RBC DDS are illustrated in Figure 3]. Under

(30f11) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. The MTENG-controlled release of D@RBCs. A) A confocal fluorescent image of D@RBCs. Red fluorescence suggested DOX had been success-
fully loaded into RBCs. B) Finite element analysis of the 2D stimulation device using COMSOL. C-E) Kinetics of MTENG-controlled drug release. The
accelerated release of DOX only existed when the TENG generated electric pluses. F-I) SEM images of innate RBC, D@RBC, D@RBC+EF, and D@RBC
after EF. J) Schematic illustration to show the loading of DOX into RBCs, and the subsequent integration of MTENG to realize controlled DOX release.

the high EF generated by TENG, nanopores were induced on
the surface of RBCs. After the EF withdrawal, the pores could
recover, resulting in a controlled DOX release.

2.4. MTENG-Controlled RBC DDS to Treat 2D Cultured
Hela Cells

Next, the MTENG-controlled DDS was demonstrated in Hela
cells using the same stimulation device as in the measurement
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of DOX release from D@RBCs. After the RBCs were added to the
culture and stimulation device for about 30 min, they attached to
the device substrate to have the same location as HeLa cells, which
enabled an effective delivery of DOX to Hela cells from the RBCs
(Figure 3A). Hela cell were incubated with RBCs, D@RBCs, or
free DOX (0.1 pug mL™), respectively, for half an hour, stimu-
lated by the MTENGs for 1 h and further incubated for another
24 h. After that, CCk-8 assay was carried out to evaluate the
cancer killing efficacy. The total amount of DOX in the free DOX
group and the D@RBC group was carefully controlled to be the

(4 of 11) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. MTENG-controlled DDS to treat Hela cells in 2D culture. A) The co-localization of the RBC and Hela cells. B) The viabilities of HeLa cells
in the control, EF, RBC, and RBC+EF groups were the same. C) The viabilities of HeLa cells in the DOX, DOX+EF, D@RBC, and D@RBC+EF groups
decreased obviously. The data are shown as mean £ SD. Error bars are based on at least triplicate measurements. p values: **p < 0.01 or *p < 0.05.
D-K) Live and dead analysis of Hela cells in the different groups (scale bar: 50 um).

same. Untreated RBCs or EF stimulation, either individually or
combined, had no influence on the cell survival (Figure 3B). Con-
trarily, the viability of Hela cells treated with free DOX decreased
to 70.4%, and those treated with free DOX+EF had a slightly
improved therapeutic effect (viability decreased to 62.7%), prob-
ably because the EF increased the sensitivity of HeLa cells to DOX.
The group of D@RBCs decreased the cell viability to 40.9%, dem-
onstrating that the RBC DDS are more effective than free DOX
therapy, because the localized release from the D@RBCs guar-
anteed a higher drug concentration at the bottom of the culture
substrate where the cells also localized. Compared to the group of
D@RBCs, an even higher cancer cell killing efficacy was observed
in the group of D@RBCHEF (viability decreased to 20.9%). Live
and dead analyses of HeLa cells are shown in Figure 3D-K, which
were consistent with the viability assay. The above results demon-
strated that our systems had significantly enhanced the killing of
cancer cells in a 2D culture model.

2.5. MTENG-Controlled RBC DDS to Treat 3D MCTS

Traditional 2D cell culture model has been prevalently used
to study the anti-tumor efficacy, but it also gives rise to the

Adv. Funct. Mater. 2019, 1808640

1808640 (5 of 11)

concerns on its reliability to reflect the actual tumor develop-
ment situations in vivo. Therefore, it is more convincing to
investigate the anti-tumor efficiency of the EF-controlled DDS
in a more advantaged evaluation system, the 3D MCTS cul-
ture system. The stimulation device is shown in Figure 4A
and Figure S4 (Supporting Information). EF generated by the
MTENG was delivered to the MCTS via two steel microneedles.
The ends of the microneedles were insulated by a thin layer of
parylene C. The distance between the two needle electrodes was
about 400 um, and finite element analysis of COMSOL sug-
gested EF up to 5 kV cm™ was generated around the needles
(Figure 5A,B). An agarose culture method was used to support
the growth of the 3D MCTS. After 4 d of culture, the MCTS
grew into a diameter of about 400 um. Then the MCTS were
incubated with the RBCs for 12 h, and the redundant RBCs
were washed away later. The fluorescence microscopy images
showed that RBCs (red) had successfully penetrated into
the inside of the MCTS (blue) (Figure 4C-E). This situation
was consistent with the EPR property of nanodrug carriers
to tumors in vivo, which was very crucial for the following
anti-tumor functions.

The anti-tumor efficiency of the MTENG-controlled RBC
DDS was demonstrated by TUNEL assay and MCTS size

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Evaluation ofthe antitumor ability of EF-controlled RBC DDS using the MCTS. A) Schematic diagram of 3D electroporation device. B) Finite ele-
ment analysis of 3D stimulation device by COMSOL. C-E) Colocation of C) HelLa cells and D) RBCs. F) Representative fluorescent microscope images
of TUNEL assay in cryosections of HeLa MCTS after different treatments for 2 d. Scale bar: 50 um. G) Proportion of apoptotic cells in various MCTS
groups after 2 d of respective treatments. The data are shown as mean £ SD (n = 3). H) The inhibitory effect of different treatments on the size growth
of HeLa MCTS in 8 d (n = 4). p values: **p < 0.01 or *p < 0.05. I) A representative MCTS for size measurement; scale bar: 50 um.

monitoring. DOX, either free or in the form of D@RBCs,
was applied to the MCTS (diameter =400 um) on Day 0; and
EF treatment for 20 min was applied to the MCTS 12 h later.
TUNEL assay was carried out on Day 3. The DAPI staining
(blue) of the cell nucleus showed the size of the MCTS, and
TUNEL staining identified the cells undergoing apoptosis
(with fragmental DNA, green) inside the MCTS. As shown in
Figure 4F, the MCTS in the D@RBC and D@RBC+EF groups
were much smaller than the other groups, suggesting that the
RBC based DDS can effectively prohibit the tumor spheres
from growing. TUNEL assay demonstrated that the MCTS in
the RBC+EF group had no cancer cell going apoptosis, just as
the untreated control. The other four groups all showed certain
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positive stained apoptotic cells. Among them, the D@RBC+EF
group had the highest anti-tumor efficacy. The proportion of
apoptotic cells in the respective MCTS was counted and cal-
culated as shown in Figure 4G. High proportion of apoptotic
cells up to 41.4% was detected in the D@RBC+EF group, while
in the D@RBC, free DOX, and DOX+EF groups, the apoptotic
cells were all around 15%.

The long-term MCTS growth was also monitored by
measuring the diameters of the MCTS each other day in 8 d
(Figure 4H). The MCTS in the control and RBC groups grew
rapidly and continuously. After 8 d, the size of the MCTS
enlarged to about 500% in both groups. Meanwhile, the free
DOX group had the MCTS size increased to about 300%, and

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. MTENG-controlled RBC DDS in vivo. A) The sketch map of MTENG-controlled RBC DDS in the tumor-bearing nude mice. B) Blood cir-
culation and accumulation to tumors of the D@RBCs obtained by in vivo imaging system at 6, 12, 24, 48, 72, and 96 h, respectively. C) The tumor
fluorescence intensity and the ratio of tumor-to-liver fluorescence intensity. D) The in vivo tumor growth curve; blue arrows indicate the treatment time
point: Day 6, Day 8, and Day 10. E) Image of the harvested tumors in various groups after 1 month. F) The Ki67 immunohistochemistry images of the
tumors in various groups (scale bar: 200 um). G) The survival curves of the mice in various groups. H) Body weight of the mice.

the DOX+EF and D@RBC groups had the MCTS size increased
to about 200%. Contrarily, the MCTS in the D@RBC+EF group
stopped growing at the very beginning, demonstrating the most
satisfactory inhibition ability. A typical MCTS under the bright
field observation for size measurement is shown in Figure 41.

2.6. MTENG-Controlled RBC DDS to Treat Tumors In Vivo

The anti-tumor efficiency of the MTENG-controlled D@RBC
DDS was further investigated in vivo in HeLa-tumor-bearing
BALB/c-nu mice. The sketch map is shown in Figure 5A. EF
generated by the MTENG was delivered to the tumor using
the same steel microneedles as used in the MCTS experi-
ment. Before applying various treatments, the distribution of
the D@RBCs in the nude mice after inoculation was moni-
tored using the in vivo imaging system (Figure 5B). At 6 h
after inoculation, most of the D@RBCs accumulated at the
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liver and some of them reached the tumor site. At 48 h after
inoculation, the number of D@RBCs locating at the tumor
site was almost equal to that at the liver. At 72 h after inocu-
lation, the DOX signal at the liver site declined significantly
while the DOX signal at the tumor site decreased only slightly.
The tumor fluorescence intensity and the ratio of tumor-to-
liver fluorescence intensity are shown in Figure 5C. These
results demonstrated the EPR effect of D@RBCs in the tumor-
bearing mice. Next, 60 nude mice were randomly divided into
six groups, and received HeLa cell inoculation on Day 0. Then
they were treated with phosphate buffer saline (PBS), EF, DOX,
DOX+EF, D@RBCs, and D@RBC+EF (dose: DOX 5 mg kg™
for three times on Day 6, Day 8, and Day 10, respectively. The
tumor size of all groups was measured every 2 d (Figure 5D).
For PBS and EF group, the tumor volume showed a rapid and
uncontrolled growth pattern. With DOX injected, moderate
growth inhibition was observed in the HeLa tumors, indicating
that chemotherapy could not completely eliminate the tumor.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The tumor treated with DOX plus EF had almost equal inhibi-
tion on the tumor growth as compared to the DOX only group.
When mice were treated with D@RBCs, the tumor growth
was reduced remarkably due to the accumulated D@RBCs in
tumors resulting from the EPR effect. Most importantly, com-
bined with TENG stimulation, D@RBC+EF group showed
the most effective tumor growth suppression. The tumors
were kept from growing any larger before Day 20; after that
they started to grow very slowly. On Day 30, half of the mice
in each group were sacrificed and the tumors were harvested
as shown in Figure SE. Tumors in the D@RBC+EF group had
significantly smaller volume than the other groups. Mean-
while, Ki67 immunohistochemistry images showed that the
D@RBC+EF group had the minimum cell proliferation in the
tumors (Figure 5F). The mice survival rate curves are shown in
Figure 5G. The mice in the control group started to die from
Day 22, and all the mice in the groups other than D@RBC+EF
died within 46 d. However, only two out of the five mice in the
D@RBCHEF group died on Day 54. The body weight of the
mice kept almost unchanged in 22 d, suggesting that the treat-
ment did not cause side effects to the mice (Figure 5H). These
results confirmed the outstanding therapeutic efficacy of D@
RBC+EF in vivo.

2.7. Discussion

Chemotherapeutic drugs lead to severe side effects on healthy
cells, including bone marrow, skin, and gastrointestinal
mucosa, because they act on all rapidly proliferating cells by
inhibiting DNA synthesis and interfering with cell division and
metabolism. In this regard, DDS are developed. Briefly, DDS
should be able to reach and penetrate to the inside of tumors to
function. Moreover, they should have controllable release at the
optimal location and time. RBCs are one of the most popular
drug delivery vehicles, and EF has long been proved to induce
release from the membranes. However, it is difficult to apply
EF-controlled RBC DDS in vivo, because the big volume of the
electrical supply hinders their clinical applications. Also, many
tumors are deep inside the body, it is difficult to deliver EF to
those tumors from the outside.

In this work, we successfully developed a self-powered
magnet TENG—the MTENG—to enable the EF-controlled RBC
based DDS. The MTENG can effectively guarantee the contact
and detach cycle between the two friction layers after encapsula-
tion and implantation, to offer a high and consistent electricity
output in long terms. The output of the MTENG has been dem-
onstrated to successfully increase the DOX release from RBCs,
to dominantly inhibit cancer cells and tumor growth both in
vitro and in vivo. These results certified the outstanding perfor-
mance of MTENG to control the drug release from RBCs and
enhance the anti-tumor process.

We particularly investigated the feasibility of using the
MTENG to assist the anti-tumor therapy in vivo. Indeed we
have to insert the microneedle electrodes into the tumor site
to collaborate with DOX@RBCs and achieve the therapeutic
effect. This may require a surgery, which seems to be “carrying
coals to Newcastle” because a surgery could have removed the
tumor already. However, tumors are very complicated diseases,
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and in many cases the electrical field based therapy can make
great contributions to tumor treatment. For cancers such as
nasopharynx carcinoma,’?l pancreatic carcinoma,?! and tonsil
carcinoma,*?) tumors are hard to be removed by surgery due
to the lesion location and unknown tumor boundary. Besides,
terminal cancer patients often have anemia, dehydration,
and metabolic disorders,?3l and cannot bear the burden of a
resection surgery or radiotherapeutics. In these cases, mini-
mally invasive surgery to implant microneedle electrodes and
our miniaturized MTENG is an optimum option. For skin
and epidermal cancers, such as melanoma,??*! advanced basal
cell carcinoma,®! and squamous cell carcinoma,?! patients
are prone to have disease recurrence and tumor metastasis
following surgery, leading to poor long-term outcomes and rela-
tive low survival rate.?’] In this regard, we can apply our treat-
ment system as wearable devices without the need of a surgery.
We can just insert the tiny tips of electrodes to the superficial
tumor with negligible trauma, and electric field can be deliv-
ered to the tips through the leads by simply patting the MTENG
as a wearable miniaturized power source.

Therefore, our MTENGsS are very promising to be applied in
the clinic to enable the EF-controlled DDS for tumors. As intro-
duced above, the MTENG can serve as the implantable power
source to trigger the drug release in the RBC DDS with rational
control. The MTENG can be implanted subcutaneously at the
chest area to be self-powered by the body breath. It could also be
controlled by external forces applied on the skin. With MTENG
serving as the power source and the microneedles serving as
the electrodes, the integrated power and stimuli system can be
wholly implanted in vivo to provide EF for the controllable DDS
to tumors deep inside the body. This will greatly enhance the
anti-tumor efficiency while decreasing drug dosage, achieving a
satisfactory therapeutic effect for tumors.

3. Conclusion

In this work, we have successfully established a self-powered
EF-controlled DDS for cancer therapy. The MTENG can effec-
tively guarantee the contact and detach cycle between the two
friction layers after encapsulation and implantation, to certify
a high and consistent electricity output in long terms. The self-
release of DOX from RBCs was very slow. But the EF stimula-
tion generated by the MTENG enabled a much quicker release
of DOX. After EF withdrawal, the increased release would
also stop, resulting in a controllable release pattern. The EF
enhanced DOX@RBC release leads to significantly enhanced
killing efficiency of cancer cells both in vitro and in vivo at a
low drug dosage. These results have demonstrated a distin-
guished therapeutic effect with the EF-controlled DDS for
cancer therapy. This system is highly promising to be applied
in the clinic.

4. Experimental Section

Fabrication of the MTENG: The fabrication of nude TENG is based on
the vertical contact—separation mode. PTFE membrane with nanostructure
on the surface and titanium sheet were used as triboelectric layers.
The nanopillar structure on the surface of PTFE was fabricated using
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inductively coupled plasma (ICP) reactive ion etching. In the etching
process, an Au film with the thickness of about 10 nm as a mask was
magnetron sputtered on the PTFE surface. A mixed gas of O, Ar, and CF,
with the corresponding flow rates of 10.0, 15.0, and 30 sccm was used in
the ICP chamber. The nanopillars on the PTFE film were produced under
the power source of 400 W. After that a Cu film with the thick of nearly
200 nm was deposited on the back of PTFE by magnetron sputtering as
electrode. Two magnets were fixed on the back of PTFE film and titanium
sheet to separate the triboelectric layers. After the two friction layers fixed
by Kapton tape, the nude TENG was first encapsulated by PTFE tape and
then by PDMS using spin-coating method. Then the PDMS was solidified
at 80 °C for an hour, and cut to a proper size. The electric characterizations
were obtained using a Keithley 6514 system electrometer and an SR570
current amplifier from Stanford Research Systems.

Preparation of D@RBCs: The DOX was loaded into RBCs using a
classical hypotonic method.”?8l Whole blood was obtained from the eye
sockets of Kunming mice. The RBCs were separated from the whole
blood by centrifugation (3000 rpm, 5 min). After washed three times with
cold PBS (300 mOsm, PH 7.4), the RBCs were re-suspended in PBS (70%
hematocrit). About 1 mL hypotonic buffer containing 200 g mL™' DOX,
2 x 1073 M ATP, and 3 x 1073 m reduced GSH, 10 x 107 m NaH,POs,
10 X 10 m NaHCO3, 20 x 107 m glucose, and 4 x 10 m MgCl, was
added to 200 pL RBC suspension slowly. The hypotonic loading process
was carried out at 4 °C for 40 min. After centrifugation (3000 rpm, 5 min),
the resealing process was carried out. The RBC pellet was re-suspended
in a hypertonic solution containing 10% pyruvat-inosine-glucose-
NaH,PO -adenin (PIGPA)-NaCl (including 2 x 103 m ATP, and 3x 1073 m
GSH, 100 x 1073 m natrium pyruvate, 100 X 1073 m inosine, 100 X 1073 m
glucose, 35 x 1073 m NaH,PO,, 5 x 107 m adenine, and 12% w/v NaCl) at
37 °C for 40 min. The redundant DOX was removed by washing the RBS
with cold PBS (1X, PH 7.4) for four times.

Characterization of DOX Loaded RBCs: Confocal fluorescence images
were obtained by a Leica SP8 laser scanning confocal microscope. For
flow cytometry measurement, the RBCs were analyzed using a cytoflex
LX flow cytometer (Beckman). To determine the loading capacity of the
DOX, a quantitative DOX uptake assay was conducted by destructing
the RBC membranes completely using a lysis buffer and then extracting
the released DOX in the solution using a solvent of HCl/isopropanol.
DOX was collected from the supernatant solution after centrifugation
at 8000 rpm for 5 min and measured using fluorescence spectra.
For scanning electron microscopy characterization, the RBCs were
collected by centrifugation (3000 rpm, 5 min) and incubated in electron
microscopy grade glutaraldehyde (0.25% w/w made in PBS) for 18 h.
The cells were isolated by centrifugation (3000 rpm for 5 min) at room
temperature and the supernatant was discarded. The dehydration
process was conducted by sequentially treating the RBCs with ethanol
solutions of increasing concentration (50%, 70%, 80%, 90% v/v and
absolute ethanol). RBCs were re-suspended in pure ethanol and placed
onto silicon wafer. Gold deposition was performed for 30 s before finally
observed using scanning electron microscopy (SU-8020).

Preparation of the 2D Stimulation Device: Photoresist (SUN-115 P)
was flooded on a cleaned quartz glass at 2500 rpm for 25 s, soft baked
for 1 min at 95 °C, and then exposed through a high-resolution
transparency mask containing an insert pattern for 15 s. After
exposure, the quartz glass was baked at 95 °C for 1 min and developed
with photoresist developer for 15 s. A Cu film with a thickness of
200 nm was deposited on the surface of quartz glass by magnetron
sputtering as electrode. After removing excess Cu using stripping
liquid, the interdigital electrodes were formed. Then a thin PDMS film
was spin-coated on the quartz glass and solidified at 80 °C for 1 h.
Finally, a biocompatible PLA mold that was prepared by 3D printer was
fixed on the top of PDMS film.

Cellsand MCTS Culture: Hela cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% v/v fetal bovine
serum (FBS), penicillin (100 U mL™), and streptomycin (100 g mL™)
in a humidified incubator at the atmosphere of 37 °C and 5% CO,.
For preparing 3D MCTS, about 2500 trypsin-dispersed Hela cells were
seeded into agarose (Sigma-Aldrich, Shanghai, China) precoated 96-well
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plates (Sigma-Aldrich) in DMEM media (200 uL).?’l MCTS were let to
grow for 4 d of stationary culture until they finally reached a diameter of
400 um, which were ready to receive the EF and RBC treatments.

D@ RBC Penetration into 3D MCTS: For the convenience of observation
under fluorescence microscope, the D@RBCs were stained by
1,1"-dioctadecyl-3,3,3’,3"-tetramethylindocarbocyanine perchlorate (DiD)
dye for 20 min. After that MCTS was co-cultured with T uL D@RBCs for
12 h. Then the free D@RBC was washed away by PBS for three times.
Images were acquired by an Olympus IX 71 fluorescence microscope.

Preparation of 3D Stimulation Device: Commercial medical steel
microneedles with a tip diameter of 100 um were used for EF stimulation
in the experiment. The tips of the microneedles were encapsulated by
parylene C and the needles were connected to a larger MTENG with
the output of about 300 V. One pair of the needles was inserted in the
96-well plate for stimulation, and the gap between the two needles was
about 400 um.

TUNEL Assay and Growth Monitor for MCTS: DOX (1 ug mL™),
either free or in the form of D@RBCs, was applied to the MCTS
(diameter =400 um) on Day O; and EF treatment for 20 min was
applied to the MCTS 12 h later. TUNEL assay was carried out on Day
3 using the in situ cell death detection kit (Merck Millipore, Darmstadt,
Germany). For the inhibition experiment of MCTS, the culture media
was half replaced every time. Images of spheroids were captured using a
bright light microscope with a 10 x objective lens connected to a digital
camera. Spheroid size was determined by measuring their diameters (d).
The volume of the MCTS was calculated as follows: V =4/3 x 7 x (d/2)3.
The data were processed as the mean volume = SD (n = 4).

In Vivo HelLa Tumor-Bearing Mice Model: The experimental animals
(BALB/c nude mice, female, 4-6 weeks old) were purchased from the
Vital River Laboratory Animal Technology Co. Ltd. (Beijing, China). The
mice were maintained in a pathogen-free environment and allowed to
acclimate for 1 week before tumor implantation. About 6 x 10° Hela
cells (in 100 puL 1X PBS) were inoculated subcutaneously into the left
side of the mice’s backs to develop xenograft tumors. After about
1 week, the volume of the tumors reached about 100 mm?3.

Blood Circulation and In Vivo Tumor Accumulation of D@RBCs:
D@RBCs were treated ultrasonically for 5 min during DOX loading in
the in vivo study. Then they were stained by DiD, and intravenously
injected to Hela tumor-bearing mice at the DOX dose of 5 mg kg™' body
weight. At 6, 12, 24, 48, 72, and 96 h, respectively, the tissue distribution
was imaged by the In Vivo imaging system (FX Pro, Kodak).

In Vivo Anti-Tumor Evaluation: About 60 tumor-bearing mice were
randomly divided into control (PBS), EF (+PBS), DOX, DOX+EF,
D@RBC, and D@RBC+EF groups. About 200 pL PBS, DOX,
or D@RBC were injected to mice through tail vein, respectively (dose:
DOX 5 mg kg™") on Day 6, Day 8, and D10, to give a total administration
of three-drug treatment in the experiment. EF stimulation was applied
12 h after the drug inoculation for 20 min each time. Parylene C packaged
medical steel microneedles with a tip diameter of 100 um were used as
electrodes for EF stimulation. The microneedle electrodes connected to
the MTENG and with a gap of 400 um at the tips were inserted into the
tumor. On Day 30, half of the mice in each group were sacrificed and the
tumors were harvested. The digital images of the tumors were taken,
and anti-Ki67 immunohistochemical assay was done with the frozen
tumor slices. The other half of mice were maintained for survival record.
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