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Chimeric antigen receptor (CAR) T cell therapy is a highly effective immunotherapy for hematological tumors,
but its efficacy against most solid tumors remains challenging. Herein, a novel synergistic combination therapy of
drug-free triboelectric immunotherapy and CAR-T cell therapy against solid tumor was proposed. A triboelectric
nanogenerator (TENG) that can generate pulsed direct-current by coupling triboelectrification effect and elec-
trostatic breakdown effect was fabricated. The TENG can generate up to 30 pulse direct-current peaks with peak
current output ~35 pA in a single sliding to power the triboelectric immunotherapy. The pulsed direct-current
stimulation induced immunogenic cell death of tumor cells (survival rate of 35.9 %), which promoted den-
dritic cells maturation, accelerated the process of antigen presentation to CAR-T cells and enhanced the systemic
adaptive immune response. Furthermore, triboelectric immunotherapy promoted M1-like macrophage polari-
zation, reduced regulatory T cells differentiation and reprogrammed the tumor immunosuppressive microenvi-
ronment, which ultimately enhanced the efficacy of CAR-T cells to eradicate nearly 60 % of NALMS6 solid tumor
mass. Notably, considering that triboelectric immunotherapy is a safe and effective drug-free antitumor strategy,
the combined therapy did not increase the burden of double-medication on patients.

The tumor microenvironment (TME) is a major barrier to CAR-T cell
therapy for solid tumors [5-10]. Specifically, the specific tumor micro-

1. Introduction

Chimeric antigen receptor (CAR) T cell therapy is a highly effective
immunotherapy for hematological tumors by infusing genetically engi-
neered modified T cells back into the patient’s body to achieve targeted
treatment of tumor [1-4]. Compared to hematological tumors, solid
tumors cause approximately 90 % of cancer incidence. However, CAR-T
cell therapy efficacy against most solid tumors remains challenge
although the clinical trials have increased significantly in recent years.

environment of solid tumors affects the migration, penetration and
infiltration of CAR-T cells, so that keeping CAR-T cells in an immuno-
suppressive state and are unable to effectively exert anti-tumor effects
[8,11,12]. Thus, tumor microenvironment regulation is an effective
strategy to enhance the efficacy of CAR-T cell therapy against solid
tumors.

Studies have shown that combining CAR-T cell therapy with some
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other therapies can synergistically enhance the anti-tumor efficacy of
CAR-T cells against solid tumors by modulating the tumor microenvi-
ronment [13-15]. For example, Murty et al. found that local radio-
therapy can improve vascular extravasation and tumor infiltration of
CAR-T cells to enhance efficacy against glioblastoma [16]. Watanabe
et al. combined a lysosomal adenovirus expressing tumor necrosis factor
(TNF)-a and interleukin (IL)-2 with CAR-T to alter the immune status of
host tumor by promoting M1 polarization of macrophages and dendritic
cells (DCs) maturation to increase the infiltration of CAR-T cells into the
tumor [17]. In addition, some chemotherapy can induce immunosup-
pressive cell clearance and alleviate immunosuppression, often as a
pretreatment for clinical CAR-T cell therapy [18-20]. However, treat-
ments such as radiotherapy carries a greater risk of radiation and
damage to normal tissues, and chemotherapy has serious drug side
effects.

Recently, our group developed a novel drug-free tumor electro-
immunotherapy (defined as “Triboelectric Immunotherapy™), which
directly damage tumor cells and recruit immune cells by applying pulsed
direct-current generated by a small size fabric triboelectric nano-
generator (TENG). Triboelectric nanogenerator (TENG) is devices that
convert biomechanical energy into electrical energy through the
coupled effect of triboelectrification and electrostatic induction, and can
be used as power sources for wearable and implantable biomedical de-
vices. In recent years, TENGs have been applied to drug delivery, wound
repair, and triboelectric immunotherapy et al. [21] The triboelectric
immunotherapy does not require any drug injections and can induce
immunogenic cell death (ICD) of tumor cells using pulsed direct current
generated by the TENG, attract immune cells infiltration and reprogram
immune microenvironment, ultimately achieving drug-free tumor
ablation [21]. More importantly, drug-free triboelectric immunotherapy
avoids the side effects that existed in traditional pharmacotherapy.
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Therefore, the combination of triboelectric immunotherapy and CAR-T
cell therapy is expected to improve the efficacy of CAR-T cells against
solid tumors through the reprogramming of immunosuppressive
microenvironment caused by electrical stimulation, while avoiding the
burden of double-medication on patients.

Herein, a synergistic combination therapy of CAR-T cell therapy and
drug-free triboelectric immunotherapy against NALM6 solid tumor mass
was proposed (Scheme 1). Anti-CD19 single-chain variable fragment
(scfv) was chosen to be chimerically embedded on CAR-T cells for tar-
geting the surface CD19 antigen of NALMBG6 cells, because CD19 is widely
expressed on the surface of B-cell malignant tumor cells but not
expressed in most normal tissues and blood cells. Clinical results showed
that the complete response rate of CD19-targeting CAR-T to acute B-
lymphoblastic leukemia was as high as 78 % [7,22]. A TENG (8 cm x 10
cm) that can generate a pulsed direct-current by coupling tribo-
electrification effect and electrostatic breakdown effect was fabricated
to power the triboelectric immunotherapy. For the triboelectric immu-
notherapy, two electrical stimulation needles were inserted into the
tumor site and connected to the positive and negative electrode of
TENG, respectively. The pulsed direct current stimulation generated by
the TENG can induce ICD in tumor cells, promote DCs maturation and
present tumor-associated antigens to CAR-T cells to accelerate the in-
duction of CAR-T cells differentiation into cytotoxic CD4/CD8 CAR-T
cells. Notably, a triboelectric immunotherapy system not only induced
the polarization of tumor-associated macrophages (TAMs) from M2-type
to M1-type, but also reduced the differentiation of regulatory T (Treg)
cells, reprogrammed the immunosuppressive tumor microenvironment,
and increased the infiltration and accumulation of CAR-T cells into the
tumor tissues, ultimately enhancing the efficacy of CAR-T cells to
eradicate nearly 60 % of NALMS6 solid tumor mass. Moreover, CAR-T cell
also differentiated to memory T cells, which contribute to the formation

. ’I' Immature T’f\l‘/r <: ) )
(ATp’ dendritic cells Y \\‘ ' \r/
=~ | \ .
“c:;) \ i ! T cells ’ Inhibition of
@ b W - T, generation
@ a7
o Syl
~ J ‘),
‘F‘ - ® CD4* T cells
(o] > Prolonged
" survival
A CAR-Tcells
%,0 S _o*
i
40;; Inhibition of
tumor growth
Mature CDg* T cells

dendritic cells

Scheme 1. Schematic illustration of CAR-T cell therapy against solid tumor enhanced by triboelectric immunotherapy-induced immunosuppressive microenvi-

ronment reprogramming.
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of body’s immune memory to prevent tumor metastasis and recurrence.
The results demonstrated that the combined strategy can activate
anti-tumor memory responses and avoid the burden of
double-medication on patients.

2. Results and Discussion

Working mechanism and output performance of TENG. The
schematic diagram and photograph of the TENG are shown in Fig. 1a
and b. The TENG (8 x 10 cm) consists of 9 repeating units, each with a
charge collecting electrode (CCE) and a frictional electrode (FE). In a
typical device, a 2 mm wide copper foil was adhered to an acrylic sub-
strate as a CCE layer, and a 3 mm wide copper foil was placed parallel to
the CCE layer at a spacing of 1 mm as a FE layer, and a 0.3 mm thick
polyurethane foam buffer layer (PORON 4701) was placed between the
FE layer and acrylic substrate to create a vertical space between the CCE
layer and the FE layer. When the direct-current (DC)-TENG slides on a
polytetrafluoroethylene (PTFE) triboelectric layer, many pulsed direct-
currents could be generated (Movie S1, Supporting Information).

Supplementary data related to this article can be found online at
https://doi.org/10.1016/j.biomaterials.2024.122871

The working principle is similar to our previously reported work [21,
23]. Fig. 1c shows the schematic depiction of the TENG working prin-
ciple. Initially, when the FE is in contact with the PTFE, the FE layer will
be positively charged and the PTFE layer will be negatively charged due
to the contact electrification (Fig. 1c, stage i), and the PTFE can hold the
negative charge quasi-permanently. When sliding the DC-TENG on the
PTEE film, partial positive charges will flow from FE to CCE, generating
an extremely high electrostatic field between CCE and PTFE (Fig. lc,
stage ii). As long as the electrostatic field exceeds the dielectric strength
of the air between them, electrons will flow from PTFE to CCE through
the electrostatic breakdown process, generating pulsed direct-current
output (Fig. 1c, stage iii). In this work, the TENG consisting of 9 repet-
itive units was used, and its open-circuit voltage (Voc), short-circuit
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current (Isc), and short-circuit charge transfer (Qsc) can be achieved
about 18 kV, 25 pA, and 1.28 puC per cycle, respectively (Fig. 1d-f). It is
worth noting that the TENG can generate up to 30 pulse direct-current
peaks in a single sliding (Fig. 1d), which are much more than the pre-
vious electrostatic-breakdown direct-current TENG and quite suitable
for triboelectric immunotherapy [21].

ICD triggered by triboelectric immunotherapy in vitro. The
killing effect of pulsed direct-current stimulation generated by TENG on
tumor cells was verified by the MTT assay. The in vitro experimental
setup was similar to previous report [21]. Firstly, tumor cells suspension
was collected and placed in an electroporation cup connected with the
two electrodes of the TENG. The pulsed current is applied to the elec-
troporation cup during the treatment. Subsequently, cell viability of
NALM6 cells treated with different electrical stimulation time was
measured after 48 h static incubation (Fig. 2a). The results showed that
the survival rate of NALM6 cells continued to decrease as a function of
electrical stimulation time. The survival rate of cells was decreased to
28.7 % after 10 min electrical stimulation. Extending the stimulation
time to 20 min further enhanced the effect, but the increase was not
significant. It is worth noting that prolonged electrical stimulation may
have side effects on normal tissues and reduce compliance. Taking this
into consideration, we chose 10 min as the optimal stimulation time.
Then, the effect of sliding frequencies on viability of NALM6 cells was
evaluated with an electrical stimulation time of 10 min. As shown in
Fig. 2b, NALM6 cell survival rate decreases progressively with
increasing sliding frequency. In addition, tumor cell survival gradually
decreased with incubation time, demonstrating that electrical
stimulation-induced cell death did not occur instantaneously (Fig. S1).
Notably, electrical stimulation also had a significant killing effect on
other tumor cells (MOLM13 cells, HeLa cells and 4T1 cells), while
causing slight damage to normal cells (293 cells, COS7 cells, RAW264.7
cells, HUVEC cells) (Fig. S2), which demonstrates the minimal side ef-
fects of our proposed therapy.

It has been extensively documented that pulsed electrical stimulation
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Fig. 1. Working mechanism and output performance of TENG. a) Photograph and b) schematic diagram of TENG. Scale bar: 2 cm. ¢) schematic illustration of the
working mechanism, d) short-circuit current (Isc), e) open-circuit voltage (Voc) and f) short-circuit charge transfer (Qsc) of TENG.
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Fig. 2. Pulsed electrical stimulation-induced ICD and DCs maturation in vitro. a) Cell viability of NALM6 cells treated with electrical stimulation for 0 min, 2
min, 5 min, 10 min, 20 min at sliding frequency of 4.5 Hz. b) Cell viability of NALM6 cells treated with electrical stimulation generated by different sliding fre-
quencies for 10 min. Relative percentage of ¢) ATP and d) HMGB1 content released to the extracellular environment of NALM6 cells with different treatments. e)
Representative fluorescence microscopy images of CRT (green fluorescence) and HMGB1 (red fluorescence) expressed by NALM6 cells under electrical stimulation.
Scale bar: 50 pm. f) Current output during in vitro electrical stimulation treatment, and (g) enlarged image of a single cycle current. h) Representative FACS of CD80/
CD86, MHC-II expressed on the surface of mature DCs and corresponding quantitative analysis. n.s. not significant, *p < 0.1, **p < 0.01, ***p < 0.001, ****p <
0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

can cause ICD in tumor cells to induce the release of abundant tumor-
associated antigens and damage-associated molecular patterns
(DAMPs), such as exposure of calreticulin (CRT) to the cell surface,
release of ATP and high-mobility group box 1 (HMGB1) to the external
environment [24-26]. As shown in Fig. 2cd, the ATP and HMGB1 con-
tents in the medium in the electrical stimulation treated group with
sliding frequency of 2.4 Hz were 2.9- and 3.0-fold of the control group,
respectively, indicating that electrical stimulation induced the release of
large amounts of ATP and HMGB1 from the tumor cells into the external
environment. Additionally, fluorescence microscopy imaging results
showed that electrical stimulation induced strong green fluorescence of

CRT and strong red fluorescence of HMGB1 from nucleus to extracellular
(Fig. 2€).

Interestingly, there was no significant difference in ATP, HMGB1 and
CRT content among the three electrical stimulation treated groups with
sliding frequencies of 2.4 Hz, 3.1 Hz, and 4.5 Hz, suggesting that the low
sliding frequency of 2.4 Hz is sufficient to induce significant ICD in
tumor cells and achieve excellent tumor killing effect. Such a low sliding
frequency can be achieved by manual sliding, and the current output by
manual sliding have more pulsed current in single sliding with peak
current output ~35 pA (Fig. 2fg). Therefore, in the following experi-
ment, the TENG was operated by manual sliding.
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Notably, highly expressed signaling molecules (ATP, CRT, HMGB1)
act as important signals for attracting DCs to recruitment and matura-
tion, which can promote the phagocytosis of dead cancer cells and debris
by DCs [21,27]. Thus, flow cytometry analysis (FACS) was used to
evaluate the immunological effects of electrical stimulation on pro-
moting DCs maturation and antigen presentation (Fig. 2h). The results
demonstrated that the pulsed direct-current generated by TENG trig-
gered a higher level of DCs maturation, which amplified the expression
of major histocompatibility complex (MHC)-II on the surface of DCs and
facilitated the recognition of DCs-presented antigens by CAR-T cells thus
generating the first signal of T cell activation (Fig. 2h, top) [28].
Furthermore, the co-stimulatory molecules CD80 and CD86 expressed
on the surface of the DCs, which were the second signals that activated
the T cells, were also measured (Fig. 2h, bottom). The results showed
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that the expression of CD80 and CD86 were significantly amplified
under electrical stimulation compared to control group. Both of these
signals can synergistically elicit the activation of T cells and initiate
adaptive immunity [29,30].

Immunological effects of triboelectric immunotherapy-induced
macrophage polarization in vitro. Differentiation of immune cells and
secreted cytokines construct the ramparts of host defense. Pulsed elec-
trical stimulation treated tumor cells come to the edge of ICD, and the
release of large-scale DAMPs can induce immune activation, induce
conversion of M2-like macrophages to M1-type, and alter the expression
of relevant proteins and cytokine secretion on the cell surface (Fig. 3ab)
[31-33]. The macrophage polarization in triboelectric immunotherapy
was studied in a Transwell system, where NALM6 cells were inoculated
in the upper chamber with electrical stimulation treatment and
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Fig. 3. Pulsed electrical stimulation-induced macrophage polarization in vitro. Schematic representation of (a) macrophage polarization mediated by electrical
stimulation, and (b) the expression of relevant proteins and cytokine secretion in polarized macrophages. (c) Design of the Transwell system for studying macrophage
polarization. (d) Representative FACS of macrophage differentiation into M1 and M2 macrophages, and (e) the corresponding M1/M2 ratio. (f) Relative percentages
of cytokines secreted by polarized macrophages. n.s. not significant, *p < 0.1, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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RAW264.7 macrophages were co-incubated in the lower chamber
(Fig. 3c). After incubated for 48 h, FACS was used to determine surface
markers of RAW264.7 cells [34]. As shown in Fig. 3d, the positive rate of
the M1 phenotype (F4/CD80TCD86") significantly increased after
electrical stimulation treatment (TENG group), whereas the positive rate
of the M2 phenotype (F4/CD801CD206 ) significantly decreased. TENG
treated group caused a 6.8-fold increase in the M1/M2 ratio relative to
the Control group (Fig. 3e), indicating that TENG-mediated pulsed
electrical stimulation caused effective polarization on TAMs. In addi-
tion, TENG treatment increased secretion of interferon (IFN)-y and IL-12
(the main cytokines secreted by M1-like macrophages) and decreased
production of transforming growth factor (TGF)-$ and IL-10 (the main
cytokine secreted by M2-like macrophages) (Fig. 3f) [35]. All these re-
sults demonstrated that TENG-mediated pulsed electrical stimulation
can trigger ICD to promote macrophage polarization to M1 phenotype,
which contribute to activation of the body’s immune response [28].
Combination therapy-mediated CAR-T cells activation and dif-
ferentiation in vitro. Differentiation of CAR-T cells is crucial in acti-
vating the body’s anti-tumor immune response. Immunomodulatory
CD4" CAR-T cells and cytotoxic CD8" CAR-T cells, as two characteristic
manifestations of CAR-T cells activation and differentiation, are the
main effectors trigger the systemic anti-tumor immune response [36,
37]. Therefore, FACS was used to evaluate the effect of triboelectric
immunotherapy on CAR-T cells differentiation. As shown in Fig. 4a, the
number of CD4/CD8 CAR-T cells were 2.5- and 2.8-folds higher than
that of Control group, respectively, indicating that triboelectric immu-
notherapy treatment promoted the CAR-T cells differentiation.
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Importantly, the activated CAR-T cells induced a massive burst of
granzyme B, perforin, TNF-a and IFN-y (Fig. 4b), which can mediate
potent tumor cell killing and accelerate the process of tumor cell death
[28,38]. In addition, highest single agent (HSA) and Bliss additive
models were used to identify the combined antiproliferative effect be-
tween triboelectric immunotherapy and CAR-T cell therapy. As ex-
pected, the HSA and Bliss algorithms showed positive synergistic scores
(Fig. 4c-e), identifying a synergistically enhanced anti-tumor effect
between triboelectric immunotherapy and CAR-T cell therapy [39]. This
exciting result motivates us to explore the anti-tumor therapeutic ca-
pabilities under combined therapy in vivo.

Combined therapy for NALM6 tumor mass in vivo. The anti-tumor
performance of the combined triboelectric immunotherapy/CAR-T cell
therapy for solid tumor was evaluated in NALM6 tumor mass bearing
mice. As shown in Fig. S3, the finite element method was utilized to
construct a tumor model with a diameter of 6 mm. The results showed
that the ablation area of the simulated tumor increased with the increase
of the distance between the two electrical stimulation needles. Even at
distance of 5 mm between the two needles, there is still an effective
tumor ablation area, and this exciting result encourages us to apply the
device to the treatment of solid tumors. Firstly, NALM6 tumor-bearing
mice were constructed and randomly divided into four groups
(Fig. 5a), where Control group were injected intravenously with PBS
(100 pL). In TENG group and TENG + CAR-T group, pulsed electrical
stimulation generated from TENG was applied to tumors for 10 min
every four days (Fig. S4, Movie S2), and the current output remains
stable after 14 days (Fig. S5). The CAR-T cells (density 1.5 x 109
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infusion in the CAR-T group and the TENG + CAR-T group was per-
formed on the second day of the first electrical stimulation, and the signs
data of mice were observed and recorded each two days [28]. After 14
days treatment, all mice were sacrificed and the relevant data were
recorded (Fig. 5). As shown in Fig. 5b-d, rapid tumor growth was
observed in the control group. Although the tumor growth in the CAR-T
group was significantly suppressed, the tumor still grew persistently
because the anti-tumor ability of CAR-T cells was suppressed by the
harsh tumor microenvironment [40]. Surprisingly, the combination of
triboelectric immunotherapy with CAR-T cell therapy in TENG + CAR-T
group demonstrated a desirable enhancement in anti-tumor effect,
resulting in eradication of 60 % of NALM6 solid tumor mass. The
tumor-killing effect of the combined therapy were further verified by
Ki67 and TUNEL staining [41]. As shown in Fig. 5f, Ki67 staining of mice
tumor tissues in TENG + CAR-T group showed weakest red fluorescence,
indicating that the inhibition of tumor cell proliferation was the stron-
gest under combined therapy. TUNEL staining also showed strongest

green fluorescence, demonstrating that tumor cells had the highest
apoptosis after combined therapy [42]. These data confirmed that
triboelectric immunotherapy synergistically enhanced CAR-T cell ther-
apy against solid tumor. In addition, no body weight loss is observed
from the mice during a 14-day treatment window (Fig. 5e), and no
significant lesions were observed in H&E staining of major organs in
mice after end of treatment (Fig. 5g), indicating that the combined
therapy had no serious systemic toxicity [15]. The blood and serum of
mice were also collected for hematological analysis and biochemical
indicator tests (Fig. S5h). The results showed that the number of white
blood cells in the combined therapy treated mice was within the normal
range, and there were no obvious abnormalities in liver and kidney
function indexes, which further proved the good biological safety of the
combined therapy [43].

Supplementary data related to this article can be found online at
https://doi.org/10.1016/j.biomaterials.2024.122871

Anti-tumor immune response driven by CAR-T cell activation in


https://doi.org/10.1016/j.biomaterials.2024.122871

H. Li et al.

vivo. Triboelectric immunotherapy-induced tumor immunosuppressive
microenvironment reprogramming can promote immune cell infiltra-
tion and differentiation [21]. As shown in Fig. 6a, immunofluorescence
staining of treated mice tumor tissues demonstrated that electrical
stimulation increased large-scale recruitment of CAR-T cells at the
tumor site and further differentiation into cytotoxic CD4"/CD8" CAR-T
cells [15]. At the same time, activated CAR-T cells also kill cancer cells
by secreting the cytokines TNF-a and IFN-y (Fig. 6bc), activating the
apoptosis signaling pathway and inducing the body’s powerful CAR-T
cell-mediated anti-tumor immune response [44]. Furthermore, CAR-T
cells recruitment were further verified by FACS (Fig. 6d), which also
demonstrated a 4.5-fold and 3.1-fold increase in the number of CD4"
and CD8" CAR-T cell at the tumor site in the TENG + CAR-T group
compared to the CAR-T group. In addition, Treg cells serve as one of the
factors that maintain the tumor immunosuppressive microenvironment.
FACS results proved that Treg cells numbers in the CAR-T + TENG group
was significantly reduced than in the CAR-T group (Fig. 6e), indicating
that triboelectric immunotherapy could improve immunosuppression in
the tumor microenvironment and significantly improve the efficacy of
CAR-T cell therapy in solid tumors [44,45]. Importantly, cytokine
secretion and reprogramming of the immunosuppressive microenvi-
ronment also contribute to the differentiation of memory T cells. As
shown in Fig. 6f, the levels of effector memory T cells (Tgy,
CD447CD62L ") and central memory T cells (Tcy, CD44TCD62LT) in the
TENG + CAR-T group were significantly higher than in the CAR-T group,
which demonstrated that the combined strategy of triboelectric immu-
notherapy and CAR-T cell therapy can activate more robust anti-tumor
memory responses [46].
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3. Conclusions

In summary, this work demonstrated that the TENG-mediated
triboelectric immunotherapy designed significantly enhanced the effi-
cacy of CAR-T cell therapy against solid tumors through reprogramming
of the tumor microenvironment. The TENG can generate up to 30 pulse
direct-current peaks with peak current output ~35 pA in a single sliding
to induce ICD of tumor cells (survival rate of 35.9 %), which not only
facilitated the process of antigen presentation from mature DCs to CAR-T
cells, but also induced the polarization of TAMs and the reduction of
Treg cells differentiation, reprogrammed the immunosuppressive tumor
microenvironment, and increased the infiltration and accumulation of
CAR-T cells into the tumor tissues, ultimately enhancing the efficacy of
CAR-T cells to eradicate nearly 60 % of NALM6 solid tumor mass.
Moreover, the levels of effector memory T cells (Tgy, CD441TCD62L7)
and central memory T cells (Tcy, CD447CD62L") was promoted by
triboelectric immunotherapy, which demonstrated that the combined
strategy can activate more robust anti-tumor memory responses.
Furthermore, the biosafety assessments further confirmed that the
combination therapy of CAR-T cell therapy and drug-free triboelectric
immunotherapy is a safe and effective drug-free antitumor strategy. The
present study provides a novel combination therapy strategy for CAR-T
cell therapy against solid tumors and is expected to be developed into a
wearable miniaturized therapeutic device.

4. Experimental section

Fabrication of the TENG. In a typical device, a 2 mm wide copper
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H. Li et al.

foil (thickness: 60 pm) was adhered to an acrylic substrate as a CCE
layer, and a 3 mm wide copper foil was placed parallel to the CCE layer
at a spacing of 1 mm as a FE layer, and a 0.3 mm thick polyurethane
foam buffer layer (PORON 4701) was placed between the FE layer and
acrylic substrate to create a vertical space between the CCE layer and the
FE layer.

Characterizations of the TENG. The open-circuit voltage, short-
circuit current and short-circuit charge transfer at the output of the
TENG during operation were characterized by a linear motor and an
electrometer (Keithley 6514 system).

Cell culture section. NALM6 cells used in the experiments were
from Gaining Biological Co. Ltd. (Shanghai, China), CAR-T cells were
provided by Tongji Hospital of Huazhong University of Science and
Technology. Specific cell culture protocols are listed in the Supporting
Information.

Transwell System. The Transwell system was used to assess the
differentiation of RAW264.7 macrophages and the maturation of DCs.
Tumor cells inoculated in the upper chamber were treated with elec-
trical stimulation (stimulation time: 10 min, sliding frequency: 2.4 Hz).
Subsequently, macrophages or DCs in the lower chamber were co-
incubated with the above treated tumor cells for 48 h. Finally, the
cells were collected for analysis of cell surface protein expression by flow
cytometry (FACS Calibur, BD), and the collected medium was measured
with an ELISA detection kit (Jiangsu Meimian Industrial Co., Ltd) to
measure the released cytokines (IL-10, TGF-4, IFN-y, IL-12). Maker: anti-
mouse CD80/FITC (1:200, bsm-30264A), anti-mouse CD86/PE (1:100,
bsm-30264A), and anti-mouse MHC-II/FITC (1:200, bs-4107R), Anti-
mouse CD206/PE (1:200, bsm-30276A-Percp-Cy5.5), Anti-mouse F4/
CD80 (E-AB-F0995C, FITC).

Animal experimentation. Construction of tumor-bearing mice
model. Humanized tumor-bearing mice carrying NALM6 solid tumor
masses were constructed for subsequent in vivo experimental validation.
Four experimental groups were set up: Control group, CAR-T group,
TENG group and the TENG + CAR-T group (n = 5). Detailed construc-
tion protocols are listed in the Supporting Information.

Immunofluorescence staining analysis. After mice in all treatment
groups were sacrificed, tumor tissues were collected for Ki67, TUNEL,
CD4", and CD8" immunofluorescence staining. Maker: Anti-CD4
(1:200, ab183685), anti-CD8 (1:200, GB13429). Fluorescence micro-
scopy (Nikon Eclipse C1, Japan) was used for imaging.

Flow analysis and ELISA analysis. Spleen and tumor tissues from four
experimental groups of mice after euthanasia were collected for flow
analysis and ELISA analysis, and the specific experimental protocols are
listed in the Supporting Information.
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