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Abstract

Electrochemical therapy emerged as a low-cost and effective method for tumor ablation. However, it has challenges such
as the production of toxic byproducts and the use of rigid electrodes that damage soft tissues. Here, we report a new inject-
able and tissue-compatible fiber therapeutic electronics for safe and efficient tumor treatment. The design of aligned carbon
nanotube (CNT) fiber as electrodes endowed the device with high softness and enabled mini-invasive implantation through
injection. Under a mild voltage (1.2 V), the fiber device released hydroxyl ions to alter the local chemical environment of the
tissues without additional toxic products/gases, leading to immediate death of tumor cells. The flexible fiber device could
form stable interface with tissues and showed good biocompatibility after implantation for 30 days. The in vitro experimen-
tal results showed the fiber device could efficiently kill 90.9% of QGY-7703 cancer cells after a single treatment in a few
minutes. The tumor-bearing animal models proved that the fiber therapeutic device could effectively inhibit the growth of

tumor tissues, indicating it is a safe, effective, controllable and low-cost method for tumor therapy.
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Introduction

The major clinical tumor treatment methods, including sur-
gery, chemotherapy and radiotherapy, have been used as
powerful tools to combat cancer for decades, although they
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have challenges such as high recurrence rate, toxicity and
drug resistance [1-3]. Immunotherapy, gene therapy and
nanomaterials mediated therapy have shown promises in
tumor therapy [4—10]. However, there is still room to lower
their cost and improve therapeutic efficiency [11-13]. On the
other hand, flexible and miniaturized electronics is booming
by designing new materials and structures for medical appli-
cations [14-17]. In particular, implantable electronics with
photodynamic therapy and controlled drug release functions
were developed for tumor therapy [18-21]. However, despite
the success of these electronics, their therapeutic outcome
is usually limited by the tumor site and pre-loaded drug
amount, hence the development of a versatile and effective
tumor treatment method is crucial [22-25].
Electrochemical therapy (EChT) appeared as a low-cost,
effective and adaptable method for tumor ablation by utiliz-
ing a large direct current passing through metallic electrodes
to induce the electrolysis reaction [26—28]. The reaction gen-
erates hydroxyl ions on the cathode to increase local pH to
kill cancer cells. At the anode, oxygen evolution reaction
causes an increase in acidity due to produced protons. How-
ever, the chlorine generated from the anode as a byproduct
is toxic to normal tissues and causes long-term damage to
normal tissues. Furthermore, traditional EChT uses rigid
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metallic electrodes like platinum and stainless steel, and the
mechanical mismatch causes damages of soft tissues and
adds extra discomfort and pain to patients [26, 27]. As a
result, the problems such as toxic byproducts and the use of
rigid electrodes have largely limited the progress and appli-
cations of EChT. It is critical to find mild, controllable and
effective electrochemical reactions and flexible, biocompat-
ible electrodes for safer and better EChT.

Here, we report a new kind of fiber devices for safe and
efficient tumor treatment. Aligned carbon nanotube (CNT)
fibers with both high electronic and mechanical properties
were demonstrated as electrodes. The fiber device consists
of a bare CNT fiber cathode and Na, ,4,MnO, (NMO) par-
ticle-modified CNT fiber anode, and the operation voltage
was only 1.2 V, lower than the theoretical water hydrolysis
potential window. The therapeutic fiber device is flexible and
biocompatible, and could be mini-invasively injected into
the specific tumor site. The cathode fiber could rapidly and
accurately release hydroxyl ions (OH™) via oxygen reduction
reaction (ORR), and the rapid change of the local chemical
environment is harsh for cancer cells to survive, thus leading
to the lysis and death of tumor cells and tumor growth inhi-
bition. The NMO particle-modified anode fiber could com-
plete the circuit through controllable electrochemical reac-
tions, without additional toxic chemicals/gases generated
during the treatment process to avoid side effects on normal
tissues. Furthermore, the high flexibility of the CNT fiber
electrode offered high tissue compatibility during implanta-
tion for 30 days. The tumor-bearing animal model showed
the fiber therapeutic device inhibited the average tumor vol-
ume under 34 mm? on the 9th day, while the tumor volume
in the control group was close to 300 mm?>. Compared with
the existing EChT, the new therapeutic device based on fiber
electronics is safer, effective and controllable.

Experimental Section
Preparation of Fiber Cathode and Anode

The CNT fiber as the cathode was synthesized via floating
catalyst chemical vapor deposition method. To prepare the
CNT/NMO fiber anode, NMO particles were synthesized by
mixing Na,CO; and Mn;0, at molar ratio of 0.726:1. The
mixture was grinded for 30 min and then heated in a muf-
fle furnace at 500 °C for 5 h, with a temperature increasing
rate of 5 °C/min. The Resulting sample was further grinded
for 15 min and heated in a furnace at 900 °C for 10 h. The
NMO powders were collected and dispersed in ethanol. At
the same time, aligned CNT sheet was dry-drawn from spin-
nable CNT array, and the NMO dispersion was finally added
to the CNT sheet, followed by twisting through a rotor to
produce the CNT/NMO fiber anode.

Electrochemical Characterization of Fiber Device

Oxygen reduction reaction of fiber cathode was tested
on electrochemical working station (Shanghai Chenhua,
CHI660e). A typical three electrode configuration was used
for the test. The 0.1 M phosphate-buffered saline as test
medium was purged with N, or O, for 30 min before testing.
Cyclic voltammetry was made in electrochemical window
between — 1.0 and 0 V with scan speed of 100 mV/s. The
linear sweep voltammetry was scanned from 0 to — 1.0 V
with a scan speed of 100 mV/s. The simulations were per-
formed by using the transient diffusion modules of COM-
SOL Multiphysics software. To simulate the longitudinal
and cross-sectional release of chemicals from fiber cathode,
the simulation models were built up by placing a fiber elec-
trode with diameter of 10 um in the middle of 1 cm? square
space which was filled with water. The diffusion coefficient
of hydroxide ions in water is 5.27 x 107> cm?/s.

Biocompatibility Study

First, L929 fibroblasts were cultured on glass substrate
(control group) and with CNT fiber electrode (experimental
group). After 5 days, the cells at both groups were stained
with Cellbrite Red and Nuclear Blue DCS1 and observed
under confocal microscope. Mice were randomly divided
into control and experimental groups. For the control group,
no fiber device was injected. For the experimental group, the
fiber device was injected into the hind leg. Two groups of
mice were cultured for 30 days before sacrificed. The muscle
tissues were dissected and fixed with 4% paraformaldehyde
for 5 h. The tissue samples were gradually dehydrated in
ethanol and then stained with H&E, F4/80 and LY-6G. The
samples were observed under a microscope. To study the
toxicity of fiber device, the heart, liver, spleen, lung and kid-
ney from the control and experimental groups were dissected
and fixed with 4% paraformaldehyde for 24 h. The samples
were then dehydrated in ethanol before H&E staining.

In Vitro Assessment of Therapeutic Effect

QGY-7703 cells were used to verify therapeutic effect of
fiber device in vitro. The cell culture media was replaced
to saline before testing, and fiber cathode and anode were
incubated in the solution. Then a voltage of 1.2 V was
applied on the fiber device by using an electrochemical
station, and the charge quantity was controlled between 0
and 0.02 C. The cell morphology was observed under an
optical microscope. The therapeutic effect of fiber device
on the colony of QGY-7703 cells was tested similarly.
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In Vivo Study of Therapeutic Effect

All animal experiments were conducted under a protocol
approved by the Animal Experimentation Committee of
Fudan University. To construct the tumor-bearing animal
model, QGY-7703 cells were injected in the subcutaneous
area of nude mice. The mice were then randomly divided
into control and experimental groups. Fiber device was
injected into the tumor via a syringe. The mice in the control
group were implanted with fiber device but without elec-
trochemical treatment. The mice in the experimental group
were treated by applying 1.2 V voltage on fiber device for
10 min every day. Since the beginning of the treatment, the
sizes of the tumor were measured every day with a vernier
caliper. The tumor volume (V) was calculated from the fol-
lowing equation: V =width®x length/2. The tumors were

Current (JA) @

Fig.1 Working mechanism, structure characterization, electro-
chemical property and cell compatibility of the injectable tumor-
therapeutic fiber device. a Scheme illustrating the injecting process
of fiber device into a tumor. b Working mechanism of fiber device.
ORR on the cathode causes the release of hydroxyl ions. ¢, d SEM
images of fiber cathode and anode, respectively. e, f Cyclic voltam-
metry and linear sweep voltammetry of fiber cathode in the presence
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dissected and stained with H&E, Ki-67 and Caspase 3 for
further study.

Results and Discussion

Figure 1a shows the implantation process of the injectable
fiber device. Due to the small size, it could be injected into
the tumor site through a mini-invasive syringe. The fiber
device consisted of two electrodes, namely bare CNT fiber
as cathode and CNT/NMO hybrid fiber as anode. With the
use of low operating voltage of 1.2 V, the cathode initiated
ORR to generate hydroxyl ions, while NMO particles in
the anode released harmless sodium ions to complete the
full electrochemical reaction with cathode (Fig. 1b). The
released hydroxyl ions changed the local pH to alkaline to
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and absence of O,, respectively g, h The simulated longitudinal (g)
and cross-sectional (h) models showing the homogeneous release
of chemicals from fiber cathode. i, j Confocal images of L929 cells
cultured without and with fiber device for 5 days, respectively. Blue:
Nuclear Blue DCS1 stained dead cells; red: Cellbrite Red stained liv-
ing cells
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create highly toxic environment for tumor cells, thus leading
to immediate death of tumor cells in minutes. NMO parti-
cles were chosen as active material for anode because they
can complete the circuit without generating additional toxic
chemicals/gases to prevent the damage to normal tissues.
The electrochemical reactions on the two fiber electrodes
are demonstrated as follow:

0, + 2H,0 + 4e~ — 40H"

Ny 44MnO, —xe™ — Naj 4y MnO, +xNa*

The cathode was based on bare aligned CNT fiber with
diameter of ~75 pm (Fig. 1c¢) with aligned channels typically
ranged from tens to hundreds of nanometers inside (Fig.
S1), which was beneficial for the infiltration of body fluids
and subsequent ORR. The CNT fiber cathode was flexible
and robust, and it can be tied into a knot without breaking
(Fig. S2). NMO nanoparticles were wrapped into aligned
CNTs to produce the hybrid anode (Figs. 1d and S3). To
study the electrocatalytic oxygen reduction behavior of the
fiber cathode, cyclic voltammetry and linear sweep voltam-
metry of the cathode in the presence and absence of O, was
compared (Fig. le, ). Two reduction peaks at — 0.44 and
— 0.73 V indicated the cathode went through two successive
two-electron reaction processes, while no peak was observed
in N, purged media, proving the occurrence of ORR on the
cathode [29].

The linear sweep voltammetry further showed the
detailed ORR performance of the cathode in oxygen-rich
and anaerobic environment. The reduction peaks were
more distinguishable in oxygen-rich environment due to
suppressed non-faradic current, while a plateau appeared
when the voltage was scanned from 0 to—1 V in N, purged
PBS buffer. The reduction current showed a sharp decrease
at — 0.2 V due to the start of ORR reaction in oxygen-rich
environment, and the cathode current peaked at — 0.73 V,
showing the reaction reached the diffusion control region.
To ensure a rapid and sufficient OH™ release rate, the opera-
tion voltage of the fiber therapeutic device was set at 1.2V,
which was below the theoretical decomposition voltage of
water (1.23 V). Modeling was performed to demonstrate the
chemical gradient built up around the electrode (Fig. 1g, h),
thus visualizing the ‘killing zone’ for tumor cells, which was
established by the released hydroxide ions from the cathode.

Implantable electronic devices directly contacted
human tissues, and it is important to guarantee their safety
to avoid foreigner-body response and immune rejection
[16, 30]. We have carefully investigated the biocompat-
ibility of the fiber therapeutic device. First, we traced its
cytotoxicity through cell experiments. L929 fibroblasts
were cultured on glass substrate (control group) and with
CNT fiber electrode (experimental group). After 5 days,

the cells at both groups were stained to identify live/dead
cells. As shown in Fig. 1i, j, no significant differences were
found in the survival rate and morphology of the cells
between experimental and control groups, indicating that
the fiber device showed no obvious cytotoxicity.

The mechanical matching between implantable devices
and soft tissue is a crucial factor for the tissue compat-
ibility of the device [30, 31], thus the biocompatibil-
ity of the fiber device is evaluated, as demonstrated in
Fig. 2. Aligned CNT fiber had low bending stiffness and
is mechanically compatible with soft tissue, and they thus
could form stable device-tissue interface, so it is an ideal
electrode for implantable devices [32]. To further confirm
the bio-safety of the fiber device, we systemically study the
tissue compatibility on the mouse model. A group of mice
was randomly divided into experimental (with implants)
and control groups (without implants), and the muscle tis-
sue was stained with H&E dyes after 30 days. As shown in
Fig. 2a, b, the muscle tissue around the implanted device
site did not undergo significant changes in terms of tissue
morphology, indicating the fiber device was compatible
and formed a stable interface with the muscle tissue.

In addition, we performed immunofluorescence staining
for F4/80 and LY-6G antibodies on the experimental and
control groups to study the immune cell reactions after
implantation. As shown in Fig. 2c—f, no significant differ-
ence between the F4/80 and LY-6G positive cells was iden-
tified between the control and experimental groups. There-
fore, the implanted fiber device caused almost negligible
infiltration for macrophages and neutrophils with high
biocompatibility. We further analyzed the main organs
(e.g., heart, liver, spleen, lung and kidney) of the mouse
by pathological H&E staining after 30 days of implanta-
tion to verify whether the fiber device caused systemic
pathological toxicity (Fig. 2g). Compared with the control
group, the main organs in the experimental group did not
show obvious pathology change or tissue damage. After
the fiber device was implanted for 30 days, no obvious
systematic side effects and safety concerns were produced.

The therapeutic effect of the fiber device in vitro was
then tested in saline, and the medium pH effectively
changed to alkaline after treated with different quantities
of electric charge (Fig. 3a). With a phenolphthalein-loaded
agar gel, we could clearly visualize the OH™ generation
and diffusion caused by the fiber device (Fig. S4). Further,
we used the fiber device to treat human hepatoma carci-
noma QGY-7703 cells with different electric quantities.
The change of cell morphology of QGY-7703 tumor cells
over time after treated with a certain electric quantity by
the fiber device was investigated in Fig. 3b—d. The QGY-
7703 cells maintained spindle shape and adherent form at
0 s, while after treatment for 720 s, most tumor cells were
completely lysed. Therefore, the microenvironment can be
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Fig.2 Biocompatibility study of the injectable fiber device. a, b
Hematoxylin and eosin (H&E) stained images of control group and
experiment group for 30 days in mouse muscle tissues, respectively.
¢, d F4/80 immunofluorescence staining (marker for macrophages)
of control and experimental groups, respectively. Blue and red fluo-
rescence indicate cell nucleus and F4/80 antibody expression, respec-

changed by the fiber device to promote the lysis and death
of tumor cells.

We have further investigated the survival rate of tumor
cells upon treated with different electric quantities by the
fiber device (Fig. 3e). After treatment with Q/3 and Q elec-
tric charges (Q=0.02 C), the survival rates of QGY-7703
tumor cells were reduced to 15.3% and 9.1%, respectively.
Therefore, the fiber device showed an obvious killing effect
on QGY-7703 tumor cells, and the effect was enhanced with
the increasing treatment electric quantity. In addition, the
clone formation rate experiment was carried out to further
study the influence of fiber device on the killing effect of
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tively. e, f LY-6G immunofluorescence staining (marker for neutro-
phils) of control and experimental groups, respectively. Blue and red
fluorescence indicate cell nucleus and LY-6G antibody expression,
respectively. g Pathological H&E section staining images of major
organs (heart, liver, spleen, lung and kidney) in control and experi-
mental groups after implanting fiber devices for 30 days

tumor cells (Fig. 3f-h). With the increasing treatment charge
quantities, the clone of the QGY-7703 was destroyed and
the killing effect was enhanced (up to 0.02 C). Therefore,
the fiber device had rapid and efficient killing effect on
tumor cells, and the therapeutic outcome can be effectively
adjusted by varying the electric charge quantity.

To test the tumor-killing effect of the fiber device in vivo,
QGY-7703 tumor cells were injected into the subcutaneous
tissues of nude mice to construct the animal model (Fig. 4).
The tumor-bearing mice were then divided into control
and experimental group. Fiber devices were implanted
and applied voltage in the experimental group, while fiber
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Fig.3 In vitro assessments of therapeutic effect of injectable fiber
device. a The pH-regulating effect of the injectable fiber device with
different treating electric quantities (Q=0.02 C). b—d Representative
microscopic images of QGY-7703 tumor cells at 0, 480 and 720 s

devices were implanted but without electrical treatment in
the control group. As shown in Fig. 4a, b, the tumor sizes in
the experimental group became significantly smaller. In con-
trast, the sizes of the tumors in the control group have grown
much larger. We have measured the change of tumor volume
in the experimental and control groups over time (Fig. 4c).
The tumor volume in the experimental group started to
decrease after the device treatment and then remained rela-
tively stable, demonstrating the tumor growth had been suc-
cessfully suppressed. On the other hand, the tumor tissues in
the control group grew rapidly. The average tumor volume
in the control group was close to 300 mm? on the 9th day,
while the average tumor volume of nude mice was under 34
mm? in the experimental group. The above results proved
the fiber device had effective inhibitory effect on the growth
of tumor tissues.

We further performed H&E staining on the tumor tissues
in the experimental and control groups after the treatment
(Fig. 4d). The staining image in the control group showed
the cells in the tumor tissue were tightly arranged at a nor-
mal and rapid proliferation state. As a comparison, the den-
sity of tumor cells had been greatly reduced after the treat-
ment of fiber device; the residue cells shared an abnormal
morphology, showing the treatment has largely damaged the
tumor tissue. Later, immunofluorescence analyses of Ki-67

Control
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with the treatment of fiber device, respectively. e Tumor cell viability
after the treatment of different electric quantities. f~h The colony of
QGY-7703 cells treated by fiber devices with different electric quanti-
ties

(indicator for cell proliferation) and Caspase 3 (indicator for
cell apoptosis) antibodies were conducted to further study
the treatment effect on tumor cells. The fluorescent staining
images showed that there was a large amount of Ki-67 anti-
body expression and almost no obvious Caspase 3 expres-
sion in the control group (without treatment of fiber device),
indicating the tumor cells were at rapid proliferation state
[33]. On the contrary, there was almost no obvious expres-
sion of Ki-67 antibody in the experimental group, proving
the proliferation of tumor cells had been greatly suppressed
[34]. In addition, the Caspase 3 immunofluorescence stain-
ing image in the experimental group showed most cells were
at an apoptotic state. It is thus concluded that the fiber device
can effectively suppress tumor growth by inhibiting the pro-
liferation and promoting the apoptosis of tumor cells.

Conclusions

In summary, a systematical study on the safety and tumor-
killing effect of the fiber therapeutic device has been con-
ducted on cellular, tissue and animal model levels. Thanks
to its high softness and biocompatible CNT fiber elec-
trode with mild, controllable electrochemical reaction,
the fiber device can be mini-invasively injected into the
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Fig.4 In vivo tumor-killing effect of fiber device. a Photographs of
mice without and with the treatment of fiber device after 9 days. The
red dotted lines indicate the tumor locations. b Photographs of the
tumor tissues from the mice without and with the treatment of fiber
device after 9 days. Scale bar, 1 cm. ¢ Changes in the tumor volumes

specific tumor site and achieve safe and effective tumor
treatment. The tumor-bearing animal models have proved
that the fiber therapeutic device could effectively inhibit
the growth of tumor tissues. Compared to traditional
EChT using rigid metal electrodes, tissue-compatible
fiber devices did not produce additional toxic components
during tumor treatment, indicating it is a safe, effective,
controllable and low-cost method for tumor therapy. This
work may present a new and effective route in the develop-
ment of fiber electronics for biomedical applications such
as disease diagnosis and treatment in the future.
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of nude mice inoculated with QGY-7703 cells over time. d H&E
staining, Ki-67 (indicator for cell proliferation) and Caspase 3 (indi-
cator for cell apoptosis) immunofluorescence analysis of the tumor
tissues without and with the treatment of fiber device. The nucleus is
shown in blue (DAPI) while Ki-67 and Caspase 3 are shown in green
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