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HEALTH AND MEDICINE

Biomimetic piezoelectric nanomaterial-modified oral
microrobots for targeted catalytic and immunotherapy

of colorectal cancer

Yueyue Fan't, Jiamin Ye't, Yong Kang't, Gaoli Niu', Jiacheng Shi', Xue Yuan', Ruiyan Li’,

Jingwen Han’, Xiaoyuan Ji"**

Lactic acid (LA) accumulation in the tumor microenvironment poses notable challenges to effective tumor immu-
notherapy. Here, an intelligent tumor treatment microrobot based on the unique physiological structure and
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metabolic characteristics of Veillonella atypica (VA) is proposed by loading Staphylococcus aureus cell membrane-
coating BaTiO3 nanocubes (SAM@BTO) on the surface of VA cells (VA-SAM@BTO) via click chemical reaction. Fol-
lowing oral administration, VA-SAM@BTO accurately targeted orthotopic colorectal cancer through inflammatory
targeting of SAM and hypoxic targeting of VA. Under in vitro ultrasonic stimulation, BTO catalyzed two reduction
reactions (O, — «O,~ and CO, — CO) and three oxidation reactions (H,O — «OH, GSH — GSSG, and LA — PA) simul-
taneously, effectively inducing immunogenic death of tumor cells. BTO catalyzed the oxidative coupling of VA
cells metabolized LA, effectively disrupting the immunosuppressive microenvironment, improving dendritic cell
maturation and macrophage M1 polarization, and increasing effector T cell proportions while decreasing regula-
tory T cell numbers, which facilitates synergetic catalysis and immunotherapy.

INTRODUCTION

Tumor immunotherapy has emerged as a promising approach to can-
cer treatment, harnessing the body’s immune system to target and
eliminate cancer cells. However, the tumor microenvironment (TME)
presents numerous challenges that can impede the effectiveness of
immunotherapeutic interventions (I, 2). One crucial factor in the
TME is the accumulation of lactic acid (LA), which is a metabolic
byproduct of increased glycolysis in cancer cells (3, 4). LA has been
identified as a key player in shaping the TME and influencing the re-
sponse to immunotherapy (5). The impact of LA on tumor immuno-
therapy is multifaceted and encompasses various aspects of immune
cell function and tumor progression (6). It has been observed that LA
affects the proliferation, activation, and cytotoxicity of immune cells
involved in tumor defense, such as T cells, macrophages, and den-
dritic cells (DCs) (7, 8). The inhibitory effects of LA on these immune
cells compromise their ability to effectively recognize and eliminate
cancer cells, thus limiting the therapeutic potential of immunother-
apy (9). Furthermore, LA promotes the differentiation of immune
cells into regulatory T cells (Treg) within the TME (10). Treg play a
critical role in immune tolerance and suppression of antitumor im-
mune responses, allowing cancer cells to evade the immune system
and propagate (11, 12). This further highlights the detrimental effect
of LA on tumor immunotherapy. In addition to its impact on im-
mune cells, LA also contributes to tumor progression (13). It stimu-
lates angiogenesis, the formation of new blood vessels, which is
crucial for providing nutrients and oxygen to growing tumors (14).
Moreover, LA facilitates extracellular matrix remodeling, which pro-
motes tumor invasion and metastasis (2, 15).
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Understanding the influence of LA on tumor immunotherapy is
vital for developing strategies to overcome its inhibitory effects (16,
17). Efforts have been made to neutralize the acidic pH of the TME
and reduce LA accumulation using alkaline buffers, proton pump
inhibitors, and lactate oxidase (18). Recent advances in microbiology
and immunology have facilitated the development of innovative
approaches for microbiology-based tumor therapy (19-21). The use
of oncolytic viruses, which selectively replicate and destroy cancer
cells while sparing normal cells, has shown promising results in pre-
clinical and clinical studies (22-24). Oncolytic viruses can be engi-
neered to enhance their therapeutic potential and improve their
specificity toward cancer cells (25). Another approach in microbiology-
based tumor therapy involves the use of bacterial strains that have
been genetically modified to produce therapeutic proteins or toxins
that target cancer cells (26, 27). These bacteria can be used as vehi-
cles to deliver drugs directly to the tumor site, reducing systemic
toxicity and improving treatment efficacy (26, 28). In addition, some
bacteria have intrinsic immunostimulatory properties that can en-
hance the antitumor immune response (29, 30).

Veillonella atypica (VA) is a kind of beneficial microorganism
widely found in the human body, mainly distributed in the mouth,
respiratory tract, and digestive tract. Its main function is to degrade
acidic substances produced by other microorganisms or cells (31).
In a study published in 2015 by the Joslin Diabetes Center and the
Kostic Laboratory at Harvard Medical School (31), it was found that
the VA uses LA as a food source and produces propionate. As a re-
sult of this finding, the VA has been referred to as a “performance-
enhancing microbe” Considering the impact of LA on tumor
immune suppression and the beneficial effects of short-chain fatty
acids (SCFAs) like propionate on intestinal tumors, VA may be con-
sidered as an ideal option for effectively reducing high LA levels
within the TME. In addition, some characteristics of many micro-
organisms include natural tumor targeting; for example, anaerobic
bacteria such as VA can spontaneously target the tumor hypoxic
microenvironment, and Staphylococcus aureus can effectively target
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the tumor inflammatory microenvironment (29, 32-35). There-
fore, based on the unique properties of human symbiotic micro-
organisms, efficient tumor treatment strategies can be constructed
through simple chemical or physical modifications (26, 29, 32,
34, 35).

In this study, we constructed an intelligent tumor treatment mi-
crorobot based on the unique physiological structure and metabolic
characteristics of VA. First, the tetravalent piezoelectric ceramic ma-
terial BaTiO3; (BTO) nanocubes were synthesized by a hydrother-
mal method, and then the membrane of S. aureus (SAM) was coated
on their surface (SAM@BTO). This not only enables active tumor
targeting but also provides a reactive site for modifying BTO ele-
ments to the VA surface. Next, SAM@BTO was encapsulated on the
surface of VA cells (VA-SAM@BTO) using a classic click chemical
reaction to build a multidirectional collaborative treatment plat-
form for tumors. The inflammatory targeting of the SAM and the
anaerobic targeting of VA cells provide the driving force of tumor
double targeting and tumor penetration. After oral administration,
it can accurately target orthotopic colorectal cancer (CRC) and
achieve long-lasting retention and tumor penetration. Under in vitro
ultrasonic (US) stimulation, BTO can catalyze two reduction reac-
tions (O, — «O,~ and CO, — CO) and three oxidation reactions
(H,O — «OH, GSH — GSSG, and LA — PA) simultaneously by
virtue of its efficient piezoelectric effect. The proliferation of reac-
tive oxygen species (ROS) and CO synergistically induces immuno-
genic death of tumor cells and activates the immune response. BTO
catalyzes the oxidative LA coupling of VA cells to metabolize LA,
completely disrupting the immunosuppressed microenvironment
caused by high LA and effectively improving DC cell maturation
and macrophage M1 polarization, increasing the proportion of
effector T cells and decreasing the number of Ty cells. Overall,
this study presents a perspective on the design of biological hybrid
microrobots and their potential application in regulating the tu-
mor immunosuppressive microenvironment and mediating tumor
multidirectional synergistic therapy.

RESULTS

Preparation and characterization of VA-SAM@BTO

Biological hybrid microrobots (VA-SAM@BTO) were prepared by
synthesizing BTO, coating SAM on the surface of BTO, and loading
SAM@BTO onto the surface of VA (Fig. 1). Given the excellent
piezoelectric properties and piezoelectric catalytic performance of
BTO, it has been selected as a tumor catalytic killing element (36).
First, tetragonal BTO nanocubes were synthesized by a hydrother-
mal method, with Ba(NO3), and Ti(Bu)4 as the main raw materi-
als. Transmission electron microscopy (TEM) images revealed that
the diameter of BTO particles was approximately 10 nm (Fig. 2A).
As clearly shown in the high-resolution TEM (HRTEM) image
(fig. S1A), a high degree of crystallinity is suggested by the lattice
fringes of a single particle with an interplanar spacing of d
(110) = 2.82 A, which is consistent with a perovskite crystal struc-
ture. The polar vectors along the [001], [110], and [111] planes cor-
responding to the tetragonal, orthorhombic, and rhombohedral
phases of BTO are depicted in fig. S1B. To improve the water dis-
persibility of the nano platform, the hydrophobic BTO nanocubes
were surface-coated with PEG-5000 (polyethylene glycol, molecular
weight 5000). The successful preparation of PEG-modified BTO was
verified using x-ray photoelectron spectroscopy (Fig. 2C and fig. S2).
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The coordination environment was further elucidated through the
x-ray absorption fine structure (fig. S3). Particularly, two distinct yet
closely positioned peaks at 20 &~ 45° (where 0 represents the angle
between an incident x-ray beam and the crystallographic reflecting
plane) were observed in an x-ray diffractometer after the surface
modification, confirming the preservation of the tetragonal struc-
ture of BTO, which matches well with the tetragonal piezoelectric
BTO structure (JCPDS data no. 05-0626) (Fig. 2D and fig. $4).

In light of the affinity between S. aureus and the inflammatory
microenvironment in CRC, we used the S. aureus cell membrane
(SAM) to encapsulate BTO for targeted chemotaxis to inflammatory
sites within the CRC intestine (37). An EZElisa Toxic shock syn-
drome toxin (TSST-1) ELISA Kit was used to measure the residual
TSST in the SAM. As shown in fig. S5, the residual TSST in the SAM
was not detectable. The limit of detection of this TSST Kit is 0.2 to
8 ng/ml; thus, there are less than TSST (0.2 ng/ml) remaining in the
SAM, meeting the requirements of in vivo experiments regarding
TSST. From the TEM image in Fig. 24, it can be seen that the SAM
vesicles measured approximately 100 nm in size, and the SAM@
BTO structure displayed a distinctive core-shell morphology. Subse-
quently, we used a copper-free click chemistry approach to modify
the VA surface with SAM@BTO (38). This process involves initially
modifying the surface of VA with azido N-hydroxysuccinimide
(NHS) ester, followed by conjugation with dibenzocyclooctyne
(DBCO)-modified SAM-coated BTO nanoparticles using click
chemistry (39). The functionalized modification of VA by SAM@
BTO was confirmed through observations in the TEM and scanning
electron microscopy images (Fig. 2A and fig. S6). Furthermore, our
results revealed that when the VA concentration was 1 x 10° and the
BTO concentration was 0.1 mg/ml, the BTO nanoparticles exhibited
excellent encapsulation on the VA surface. In addition, energy-
dispersive x-ray spectroscopy and TEM elemental mapping con-
firmed the presence of barium (Ba), titanium (Ti), phosphorus (P),
oxygen (O), and nitrogen (N) signals from VA-SAM@BTO, indicat-
ing that SAM@BTO was successfully and uniformly anchored onto
the bacterial surfaces (Fig. 2B). Further insights into the structural
features of VA-SAM@BTO were revealed by Fourier transform in-
frared spectroscopy, which found new absorption peaks at 1446,
1238, and 752 cm™ ", corresponding to the characteristic absorption
peaks of pentacyclic 1,2,3-triazole produced by the azide-alkyne
clicking reaction (Fig. 2E). The successful synthesis of VA-SAM@
BTO was also confirmed through UV-visible spectroscopy analysis
(fig. S7). Western blot analysis demonstrated that the extraction and
encapsulation process had minimal effect on protein A on the bio-
mimetic membrane (Fig. 2F). Moreover, alterations in size and sur-
face charge after SAM@BTO modification were measured using
dynamic light scattering, which showed a slight increase in diameter
and a decrease in {-potential (Fig. 2, G and H). Stability studies in
water, phosphate-buffered saline (PBS), and Dulbeccos modified
Eagle’s medium indicated that VA-SAM@BTO could maintain its
size over a 1-week observation period, suggesting good stability of
the system (fig. S8). In conclusion, the diverse technical confirma-
tions provide compelling evidence for the successful functionaliza-
tion of SAM@BTO on the surface of VA. The method is demonstrated
to be simple and efficient, yielding a VA-SAM@BTO biohybrid sys-
tem with good stability. These findings underscore the successful
application of copper-free click chemistry in modifying SAM@BTO
onto VA, suggesting its potential for various biomedical and thera-
peutic applications. Furthermore, the prepared VA-SAM@BTO
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Fig. 1. A schematic diagram of a biological hybrid robot based on VA-SAM@BTO for oral targeted therapy of colorectal cancer. (A) Schematic for the preparation
of VA-SAM@BTO. (B) Oral administration of VA-SAM@BTO induces catalytic and immunotherapeutic effects on orthotopic CRC mice.

biohybrid systems are anticipated to offer a promising strategy for
targeted drug delivery and imaging applications.

Biological characteristics of VA-SAM@BTO

Maintaining high bacterial viability is crucial for VA to target hy-
poxic areas of tumors (40). After modifying the functional group
SAM@BTO of VA, we conducted experiments to assess the viability
of bacterial cells and their ability to consume LA. The results showed
similar amounts of bacterial colonies on agar plates between the VA
and VA-SAM@BTO groups, indicating that the assembled SAM@
BTO had negligible cytotoxic effects on VA cells (Fig. 2I and fig. S9).
We also evaluated the metabolic performance of VA-SAM@BTO by
adding LA to the bacterial culture medium. After 24 hours of incu-
bation, the LA concentration was reduced to approximately 30%
and further decreased to approximately 50% of the initial level after
48 hours. There was no significant difference in LA metabolism be-
tween the two groups, indicating that VA-SAM@BTO maintained
its superior bioactivity and ability to transform LA (Fig. 2J). In
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addition, the absorption of orally administered drugs in the gastro-
intestinal tract is crucial for their effectiveness (41, 42). In this study,
we evaluated the viability of VA and VA-SAM@BTO in simulated
gastric fluid and intestinal fluid. As shown in Fig. 2K, agar plate cul-
tures were used to observe the growth of the formulation on solid
media after the gastric and intestinal fluid experiments were simu-
lated to obtain more accurate information on bacterial viability. We
found that functionalization with SAM@BTO enhanced the ability
of VA to survive through gastric acid. This finding suggests that
SAM@BTO protects VA from the acidic environment of the stom-
ach and enhances its survivability in the harsh conditions of the gas-
trointestinal tract.

There is substantial evidence supporting the notion that bacteria
have the ability to navigate specific biological environments and
overcome complex biological barriers. As demonstrated in Fig. 2 (L to
M), our in vitro hypoxia model experiments showed that both VA
and VA-SAM@BTO effectively targeted hypoxic conditions. Under
normoxic conditions, VA exhibited relatively low migration through
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Fig. 2. Characterization of VA-SAM@BTO. (A) TEM images of BTO, SAM, SAM@BTO, VA, and VA-SAM@BTO. (B) High-angle annular dark-field (HAADF) and mapping im-
ages of VA-SAM@BTO. (C) X-ray photoelectron spectroscopy and (D) x-ray diffractometer spectrum of PEG-modified BTO. (E) Fourier transform infrared analysis of SAM@
BTO-DBCO, VA-NHS, and VA-SAM@BTO. (F) Western blot analysis of protein A in BTO, SAM, SAM@BTO, and VA-SAM@BTO. GAPDH, glyceraldehyde-3-phosphate dehydro-
genase. (G) Dynamic light scattering and (H) zeta potential analysis of differently treated nanoparticles. (I) Digital photos of VAs in culture media plates with or without
VA-SAM@BTO treatment. (J) LA consumption detection of VA and VA-SAM@BTO. (K) The activity of different samples in simulated gastrointestinal fluid. (L) Schematic il-
lustration of the hypoxia model. (M) The ratio of bacteria in the bottom chamber was calculated after the cells had migrated at 37°C for 60 min (n = 3). Statistical signifi-
cance was determined using one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test (ns represents not significant; **##P < 0.0001).
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the polycarbonate membrane, with less than 30% of the bacteria
reaching the bottom chamber after a 120-min migration period.
However, under hypoxic conditions, the number of VAs in the bot-
tom chamber markedly increased to more than 60%. VA-SAM@
BTO displayed a similar trend, indicating that the presence or ab-
sence of SAM@BTO did not alter the hypoxic tendency of VA.

These findings indicate that the functionalization of VA with
SAM@BTO does not have a negative impact on the viability and
metabolic activity of VA. In addition, it enhances their tolerance to
gastric acid and maintains their ability to target hypoxic environ-
ments. These results suggest that VA-SAM@BTO can withstand the
challenges of the gastrointestinal environment, offering promising
potential for its application as an oral drug delivery system in vari-
ous biomedical and therapeutic approaches.

Catalytic performance and mechanism of VA-SAM@BTO

BTO serves as the functional component in biohybrid microrobots,
functioning as a classic piezoelectric material. It is characterized by
strong inversion symmetry breaking and spontaneous polarization,
which can be switched by external electric fields (43). This property
enables BTO to generate a piezoelectric effect, thereby inducing
catalytic behavior (Fig. 3A). We used electron spin resonance (ESR)
spectroscopy to verify the production of «OH and superoxide an-
ions under US irradiation for BTO, SAM@BTO, and VA-SAM@
BTO. As depicted in Fig 3B, BTO, when subjected to US, generated
+OH, and the presence of «OH resulted in the formation of charac-
teristic peaks of 2,2,6,6-tetramethylpiperidine (DMPO) with an in-
tensity ratio of 1:2:2:1. Moreover, Fig. 3C demonstrates that the
generation of «O;" led to the appearance of six peaks in the ESR
spectrum of DMPO. Furthermore, the encapsulation of SAM on
BTO, as well as the functionalization of VA, did not affect the piezo-
electric catalytic generation of «OH and «O,” by BTO.

We conducted a comprehensive study on the catalytic behavior
of BTO in the presence of external US irradiation (43). Initially, we
used DPBF as a probe to examine the generation of «O, ™. The results
depicted in Fig. 3 (D to F) show minimal variation in DPBF absor-
bance when solely using BTO or applying US treatment indepen-
dently. However, upon combining ultramicrometer-sized BTO with
US treatment, the absorption of DPBF at ODy; gradually decreased
with increasing US time, indicating a gradual increase in the «O;~
content. Furthermore, similar to the ESR results, the application of
SAM on BTO and the functionalization modification of VA did not
significantly affect the production of «O, . In addition, we used the
COP-1 probe to measure CO generation through CO, reduction via
BTO piezoelectric catalysis (Fig. 3G). As depicted in Fig. 3 (H and
I), similar to the production of «O;", no CO was detected when us-
ing only BTO or US treatment. However, when BTO was combined
with US excitation, CO, reduction commenced. Both SAM@BTO
and VA-SAM@BTO demonstrated similar efficiencies in CO
generation.

In this study, we first confirmed that BTO can catalyze two re-
duction reactions synchronously by using excitation electrons un-
der the action of US. Next, we continue to explore whether BTO
holes can catalyze the oxidation reaction with their powerful oxida-
tion effect. Rhodamine B (RhB) was used as a probe to assess the
effectiveness of BTO piezoelectric catalysis in oxidizing H,O to pro-
duce «OH radicals (Fig. 3]). As depicted in Fig. 3 (K and L) and
fig. S10, the combined application of BTO and US led to a gradual
decrease in the absorption peak intensity of RhB with increasing US
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exposure. This observation suggests a significant capacity for gener-
ating «OH radicals compared to using BTO alone or US treatment
alone. Furthermore, both SAM@BTO and VA-SAM@BTO demon-
strated similar «OH generation capabilities under US excitation.
Then, we used the glutathione (GSH) assay kit as a probe to evaluate
the catalytic oxidation of GSH induced by BTO piezoelectric stimu-
lation (Fig. 3M). As illustrated in Fig. 3 (N to O) and fig. S11, when
only BTO or US treatment was applied independently, the GSH
level remained nearly unchanged. However, upon US excitation, the
absorption peak of GSH gradually decreased, indicating a substan-
tial consumption of GSH resulting from the combined effect of BTO
and US. In addition, both SAM@BTO and VA-SAM@BTO demon-
strated similar decreasing trends in GSH levels under ultrasound
stimulation. Last, we investigated the piezoelectric catalysis of LA
oxidation by BTO (Fig. 3P). As depicted in Fig. 3 (Q and R), BTO
effectively oxidizes/depletes LA in a manner dependent on the power
of US stimulation. As anticipated, SAM@BTO and VA-SAM@BTO
demonstrated similar trends under US exposure. As anticipated,
SAM@BTO and VA-SAM@BTO demonstrated similar trends un-
der US exposure. Furthermore, as depicted in fig. S12 (A and B),
BTO generates holes after US stimulation, enabling it to oxidize
NADH (reduced form of nicotinamide adenine dinucleotide) to
NAD™ [nicotinamide adenine dinucleotide (oxidized form)]. Fur-
ther investigations were conducted to evaluate the LA consumption
ability of VA-SAM@BTO under multiple US stimulations. The re-
sults demonstrated that the VA-SAM@BTO + US group exhibited
the greatest ability to consume LA. This is mainly due to the reaction
between the holes generated in BTO and NADH, which oxidizes
NADH to NAD*. Subsequently, the produced NAD" promotes LA
metabolism via VA, thereby accelerating LA consumption (fig. S12C).

These research findings demonstrate that BTO can undergo
spontaneous polarization and generate piezoelectric catalytic effects
under US. Not only can it reduce O, to «O,~ and CO, to CO but it
can also oxidize H,O to «OH, GSH to GSSG, and LA to PA. Note
also that the SAM coating and VA connection have no significant
impact on the piezoelectric catalytic efficiency of BTO. Therefore,
BTO’s sensitivity to US irradiation reflects its highly controllable
catalytic performance triggered by US, making it an efficient sono-
sensitizer for SDT cancer treatment.

Anticancer abilities of VA-SAM@BTO in vitro

The biological hybrid microrobots VA-SAM®@BTO exhibit powerful
catalytic activity and LA consumption capability, which prompted
us to explore their potential cytotoxicity for cancer cells (44). We
explored the interaction between VA-SAM@BTO and tumor cells
using a porous transmembrane plate with Caco-2 cells. CT26 cells
were cultured in the bottom layer, while different materials were
added to the upper porous plate. After cultivation under anaerobic
conditions, we assessed cell viability using a CCK-8 assay. As shown
in Fig. 4A, even at a concentration of 100 pg/ml, SAM@BTO dis-
played minimal cytotoxicity to CT26 cells, indicating its low inher-
ent cytotoxicity. However, with increasing doses of SAM@BTO and
subsequent 5 min of US treatment, cell viability gradually decreased,
reaching approximately 30% at a concentration of 100 pg/ml. Subse-
quently, we evaluated the cytotoxicity of different formulations (in-
cluding SAM@BTO, VA, US, SAM@BTO + US, and VA-SAM@
BTO + US) on tumor cells. As illustrated in Fig. 4B, compared to the
control group, SAM@BTO and VA-SAM@BTO exhibited signifi-
cant cytotoxicity under US treatment, whereas only VA led to slight
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Fan et al., Sci. Adv. 10, eadm9561 (2024) 8 May 2024

6 of 20



SCIENCE ADVANCES | RESEARCH ARTICLE

A B ROS
Vi
150 SAM@BTO SAM@BTO + US
g v
= ns NS KKk kkkk KKKk < o
= —_— — — — — > A
> 100 = -
£ a
3 8 v
k] 2
> K
50
= o
= i
(8]
T T T T T I}
0 25 50 100 200
Concentration (ug/ml)
co 1}
\Y] 2
AV
M
V| pd
11l
1}
|
. 0 10¢ 10° 10° 107 10°
0 10 10° 108 10
| 1] m v v Vi
. §OZ—UL(3 89%) Q2-UR(1.55%)| 7 302-UL0.53%) Q2-UR(1.47%) T Je2-uL1473%) -UR(15.00%) T JezuLee2% Q2-UR(2.56%) = JazuLiosrs 3 T e2-uL230% «5 Q2-UR(68.03%)
% 3 <t < . < a
R ;auuaw 80%) Q2LRQ.76%) © ouuﬂm{ 4 O2LRES3% & JazllEainy Q2LR(1.16%) & oz Q2LRE33%) s Jazisasem Q2LRE93%) © JazLigaery Q2LR(1470%

LT T T T T 00 [T S LT 1 T T A 1 1

¢t i L 1 L I L Tt [ L 1
FITC-A FITC-A

FITC-A FITC-A FITC-A

| I} ]
..
DAPI
Control

SAM@BTO . .. “

J
= ".....
VA-SAM@BTO ...! -+ il 2% .!
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ity of different treatments toward CT26 cells (n = 5). (C) DCFH-DA staining and flow cytometry analysis detecting intracellular ROS generation. Scale bar, 500 pm. (D) Flow
cytometry analysis detecting intracellular CO generation. (E) Mitochondrial membrane potential and flow cytometry analysis detecting changes in the intracellular mito-
chondrial membrane potential. Scale bar, 300 um. (F) Early DNA damage. Scale bar, 100 pm. (G) Flow cytometry analysis detecting the apoptotic behaviors of CT26 cells.
(H) Z-stack CLSM images of 3D CT26 cell spheroids at different distances. Scale bar, 300 pm. (I) CLSM images of the release of CRT after different treatments. Scale bar,
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cell death due to its promotion of tumor growth through LA con-
sumption (fig. S13). This highlighted the superior killing ability of
VA-SAM@BTO against tumor cells.

Next, we explored the potential mechanisms underlying the po-
tent cytotoxic effects of VA-SAM@BTO on CT26 tumor cells. First,
we used the 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA)
probe to monitor the generation of intracellular ROS. As depicted in
Fig. 4C, when cells were exposed to US, VA, or SAM@BTO indi-
vidually, no significant green fluorescence was detected. However,
intense green fluorescence was observed in the SAM@BTO + US
group, and a comparable level of green fluorescence was also present
in the VA-SAM@BTO + US group. According to the flow cytometry
analysis of ROS generation under different treatments, the intracel-
lular ROS levels were significantly increased after treatment with
SAM@BTO or VA-SAM@BTO in the US. Furthermore, we used the
COP-1 probe to examine the generation of intracellular CO, as
shown in Fig. 4D and fig. S14. Prominent green fluorescence was
evident in the SAM@BTO + US and VA-SAM@BTO + US groups,
whereas this phenomenon was not observed in the SAM@BTO, US,
and VA alone groups. The trends observed in the flow cytometry
experiments were almost identical to those observed using confocal
laser scanning microscope (CLSM), which provided further evi-
dence that materials exposed to US can generate a significant
amount of CO. These findings indicate that, owing to the robust
piezoelectric catalytic ability of BTO, both SAM@BTO and VA-
SAM@BTO are capable of converting CO, into CO under the influ-
ence of US. Subsequent validation at the cellular level confirmed
that the encapsulation of SAM and the functional modification of
VA do not impede the catalytic performance of BTO.

Excess ROS directly damages DNA double strands in the cell
nucleus (45). Similarly, an excess of intracellular CO directly alters
the polarization potential of the mitochondrial membrane of tumor
cells, leading to early DNA damage and mitochondrial membrane
damage and promoting apoptosis of tumor cells (46). We assessed
mitochondrial dysfunction by monitoring the changes in mitochon-
drial membrane potential (MMP) using the JC-1 fluorescent probe.
As depicted in Fig. 4E, in cells treated with SAM@BTO alone, the
majority of cells were stained with JC-1 aggregates, indicating mini-
mal MMP changes, similar to normal cells. However, under US ir-
radiation, cells treated with SAM@BTO and VA-SAM@BTO exhibited
significantly increased green fluorescence, indicating mitochondrial
depolarization. To further elucidate US-driven therapy-mediated
DNA damage, we used y-H2AX as a DNA damage marker to study
the effects of different treatments on DNA. As shown in Fig. 4F, no
significant green fluorescence was observed in the PBS group, US
group, or VA group. However, significant green fluorescence was
observed in the SAM@BTO + US and VA-SAM@BTO + US groups,
indicating severe DNA damage in CT26 cells.

To gather more reliable evidence, we evaluated the in vitro anti-
tumor performance of the VA-SAM@BTO biohybrid system using
live/dead cell staining and apoptosis assay kits. As depicted in
fig. S15, neither individual US irradiation nor SAM@BTO treat-
ment alone exhibited significant cytotoxicity toward CT26 cells. VA
treatment alone led to minimal cell death; however, when combined
with US irradiation, the majority of tumor cells were killed, demon-
strating the superior protumor cytotoxic effect of VA-SAM@BTO
under US irradiation. Similarly, as shown in Fig. 4G, flow cytometry
analysis of apoptosis revealed that SAM@BTO treatment alone did
not demonstrate significant cytotoxicity, suggesting its good
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biocompatibility. The increased apoptosis rate in the SAM@
BTO + US group indicated significant SDT-related apoptosis, while
the higher tumor cell apoptosis rate in the VA-SAM@BTO + US
group suggested a better antitumor effect. These results further vali-
date the designed VA-SAM@BTO biohybrid system’s capability to
generate ROS and CO in response to US, effectively consume intra-
cellular LA, and promote tumor cell apoptosis, thereby demonstrat-
ing a significant in vitro antitumor killing effect.

We have conducted further research on our biohybrid microro-
bots with the objective of deeply penetrating tumors and enhancing
antitumor effects using three-dimensional tumor spheres. As de-
picted in Fig. 4H, after coculturing with SAM@BTO, VA, SAM@
BTO, or VA-SAM@BTO, we observed varying degrees of penetra-
tion into the three-dimensional tumor spheres, as indicated by the
presence of red fluorescence. Specifically, following SAM@BTO
treatment, only weak fluorescence was detected at the periphery of
the tumor spheres. Because of VA strict anaerobic nature, it was
able to penetrate deeply into the cell aggregates within the tumor
sphere, reaching a distance of 80 pm. The combination of SAM@
BTO and VA resulted in the greatest penetration depth. In addition,
as shown in fig. S16, we observed significant penetration of the tu-
mor spheres in the SAM@BTO + US and VA-SAM@BTO + US
groups, leading to significant cell damage through the generation of
ROS and CO within the tumor spheres. Note that the VA-SAM@
BTO + US group induced the most severe cell death, highlighting
the ability of our biohybrid robots to deeply penetrate the depths of
tumors and produce potent antitumor effects.

Immunological effect of VA-SAM@BTO in vitro

After confirming that VA-SAM@BTO induces cytotoxic effects on
tumor cells through its piezoelectric catalysis and LA metabolism,
we eagerly evaluated its potential for tumor immune activation. Ini-
tially, calreticulin (CRT) exposure and HMGBI release from CT26
cells after different treatments were observed via CLSM (Fig. 4, and
J). The percentages of CRT (green fluorescence) in the VA-SAM@
BTO + US group were obviously greater than those in the PBS or
US-only groups, while the percentages of HMGB1 were significantly
lower than those in the PBS or US-only groups, suggesting that the
combination of VA-SAM@BTO with US could induce effective
ICD. Moreover, we investigated the innate immune response of
macrophages (RAW 264.7) and the maturation status of DCs in vitro.
Cocultures of differently pretreated CT26 cells with macrophages
were conducted for 24 hours using a transwell system, and the phe-
notype of macrophages was assessed by evaluating the expression
of characteristic markers. Compared to the other groups, RAW
264.7 macrophages cocultured with CT26 cells pretreated with VA
alone exhibited significant red fluorescence and higher levels of the
M1 marker CD86, indicating that VA uptake of LA in the microen-
vironment inhibited the M2 phenotype activity of macrophages and
promoted their polarization toward the M1 phenotype (Fig. 5A). In
addition, the group treated with SAM@BTO + US alone showed a
significant up-regulation of M1 markers achieved through immu-
nogenic cell death of tumor cells. Furthermore, the VA-SAM@
BTO + US group demonstrated the strongest M1 polarization capa-
bility, as confirmed by flow cytometry analysis (Fig. 5, B and C, and
figs. S17 and S18). This provides evidence that VA-SAM@BTO + US
affects the LA metabolism of tumor cells, resulting in immunogenic
cell death and promoting the polarization of macrophages from the
M2 subtype to the M1 subtype.
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Fig. 5. In vitro immune activities of VA-SAM@BTO. (A) CLSM images and (B) flow cytometry analysis of RAW264.7 cells. Scale bar, 100 um. (C) Flow cytometry analysis
of CD86™ RAW264.7 cells. (D) Schematic diagram of the in vitro immunological experiments. (E) Microscopy image of DCs. Scale bar, 100 pm. Flow cytometry results and
quantification of the percentages of (F) DCs, (G) Tregs, and (H) CD8™ T cells detected by flow cytometry. All the results are presented as the means + SD (n = 3). I: PBS, Il:
SAM@BTO, llI: VA, IV: US, V: SAM@BTO + US, VI: VA-SAM@BTO + US. Statistical significance was determined using ANOVA followed by Tukey’s multiple comparison test
(**P < 0.01, *##P < 0.001, and *#**P < 0.0001).

Fan et al., Sci. Adv. 10, eadm9561 (2024) 8 May 2024

9 of 20



SCIENCE ADVANCES | RESEARCH ARTICLE

DCs play a crucial role in initiating, regulating, and maintaining
immune responses. Highly immunogenic tumor cells can rapidly
trigger the maturation of DCs, further activating adaptive immune
responses (47). Freshly isolated bone marrow-derived DCs were co-
cultured with pretreated CT26 cells, followed by staining for flow
cytometric analysis to assess the ability of tumor cells to induce DC
maturation under different treatments (Fig. 5D). It was clearly ob-
served that immature DCs exhibited significantly increased surface
synapses after coculturing with tumor cells treated with VA-SAM@
BTO + US for 3 hours, indicating an elevated level of maturation
(Fig. 5E). Furthermore, compared with cancer cells treated only
with US or VA, these cancer cells stimulated by the chemo-catalytic
therapy SAM@BTO + US significantly promoted DC maturation,
with the percentage of mature DCs (CD11c¢"CD80TCD86* cells)
reaching 31.10% after coculture. Notably, because of the partial ab-
lation of VA by US treatment, which functions similarly to an im-
mune adjuvant, VA-SAM@BTO further enhanced DC maturation,
with the highest level of DC maturation (47.00%) triggered by the
combination treatment of tumor cells (Fig. 5F and fig. S19).

It has been reported that tumor cells not only deprive effector
T cells of nutrients by creating a metabolite-deficient microenviron-
ment to evade “pursuit” but also provide LA to Treg, uniting “allies”
to jointly resist effector T cells (10). Therefore, we hypothesized that
reducing the LA levels in tumor cells may help disrupt the meta-
bolic symbiosis between tumor cells and T cells, thereby reducing
the barrier of Treg cells in tumor immunity and enhancing the cyto-
toxic function of effector T cells. Consequently, we investigated the
regulatory effects of VA-SAM@BTO on T cells. As shown in Fig. 5G
and fig. S20, the VA-SAM@BTO + US combination treatment group
significantly reduced the infiltration of Tregs in the tumor compared
to the other groups. This suggests that VA significantly inhibits the
activity of Treg cells by consuming LA, while SAM@BTO + US
shows mild inhibition of Tregs due to the immunomodulatory effect
of CO and oxidation of LA. In addition, as shown in Fig. 5H, the
percentage of CD8" T cells in the VA-SAM@BTO + US group was
approximately 1.4 times higher than that of the control group and
1.2 times higher than that of the SAM@BTO + US group, indicating
that VA-SAM@BTO + US treatment suppressed the function of Ty,
cells in tumor immunity and enhanced the function of effector
T cells.

Tumor targeting and biological distribution of
VA-SAM@BTO in vivo

To investigate the specific tumor targeting and colonization behav-
ior of VA-SAM@BTO at the tumor site, we conducted an in vivo
biodistribution study using an orthotopic CRC animal model. Fe-
male BALB/c mice with an orthotopic CRC model were orally ad-
ministered VA-SAM@BTO at a dose of 1 X 10® colony-forming
units (CFUs). Various organs and tumor tissues were collected at
different time points postinfusion. The collected samples were then
homogenized and diluted for bacterial culture on Luria-Bertani agar
plates to quantify CFUs. The results revealed a gradual decrease in
bacteria from major organs (the heart, liver, spleen, lung, and kid-
ney). In contrast, the CFU values in tumors exhibited a rapid in-
crease over time (Fig. 6A and fig. S21). These findings suggest that
VA-SAM@BTO can selectively colonize the hypoxic, immunosup-
pressive, and biochemically unique TME of tumors. Furthermore,
to evaluate the long-term safety profile of VA-SAM@BTO in mouse
organs, we conducted additional investigations into the bacterial
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distribution at 360 and 720 hours (Fig. 6A and fig. S22). The findings
revealed that by 360 hours, the number of viable bacteria in the
mouse organs had significantly declined to very low levels, and by
720 hours, they were completely eliminated, likely attributed to ef-
fective clearance by the immune system. Note that the viable bacte-
ria in various organs of healthy mice were rapidly cleared from all
the extracted organs, indicating a favorable safety profile over the
long term (Fig. 6B and fig. S23).

To convincingly demonstrate the in vivo tumor targeting ability,
indocyanine green (ICG)-labeled SAM@BTO, VA, and VA-SAM@
BTO were orally administered to BALB/c mice bearing CT26 ortho-
topic tumors, and the fluorescence distribution at different time
points was monitored using a small animal fluorescence imaging
system, as depicted in Fig. 6C. All three formulations exhibited
varying degrees of targeting ability, which can be attributed to the
SAM-responsive recruitment of IgG in the orthotopic CRC inflam-
matory environment and VA’ affinity for tumor hypoxia and the
high-nutrient environment. Furthermore, consistent with the re-
sults from plate coating results, VA-SAM@BTO demonstrated the
highest level of targeting enrichment under dual targeting stimula-
tion, showcasing a unique capability for selective colonization at the
tumor site. The ex vivo fluorescence images of the tumor and differ-
ent organs further validated the notable targeting accumulation
ability of VA-SAM@BTO (Fig. 6D). In addition, as depicted in Fig. 6
(E and F), the results of the intestinal penetration experiment illus-
trate that following intestinal perfusion, the fluorescence images of
the CRC intestinal segments demonstrate a substantial penetration
of VA-SAM@BTO through the intestinal barrier, reaching the tu-
mor site. The VA-SAM@BTO group exhibited a mean fluorescence
intensity at the tumor site approximately 2.87 times higher than that
of the SAM@BTO group.

Moreover, we performed additional experiments to examine the
stability of the preparation in simulated gastric and intestinal fluids.
As depicted in fig. S24, after a 2-hour incubation in artificial gastric
fluid, the majority of the SAMs remained intact on the nanoplat-
form, indicating the resilience of the bacterial biomimetic mem-
brane against gastric acid digestion. However, in the artificial colon
fluid, there was evidence of some SAM shedding, as evidenced by
the presence of free BT'O. This finding suggested that there was par-
tial detachment of the SAM in the colonic environment. Frozen bio-
logical TEM images of both normal intestine and orthotopic CRC
tissues (Fig. 6G) provided compelling evidence that VA-SAM@BTO
can effectively target tumor sites. Furthermore, as a result of partial
SAM dissociation in the intestine, some free BTO particles were
formed. Owing to their small size and hydrophilic nature, these par-
ticles were also capable of successfully reaching the tumor site. These
findings offer valuable insights into the specific tropism and coloni-
zation behavior of VA-SAM@BTO in the TME. In recent years, ad-
vances in detection technology and our understanding of TMEs
have provided increasing evidence of the presence of bacteria in tu-
mors (48). The human gastrointestinal tract naturally hosts a diverse
population of microorganisms. Consequently, detecting microor-
ganisms in colorectal tumors is relatively easy, suggesting that gas-
trointestinal microorganisms may have the ability to penetrate the
intestinal barrier and enter tumors (49). CRC is characterized by a
highly inflammatory environment and disruption of the intestinal
barrier, which may facilitate the entry of certain microorganisms
and promote the colonization of other microorganisms within the
tumor. Various factors can lead to the breakdown of the mucosal
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barrier, allowing microorganisms to infiltrate the tumor (50). In this
study, the recruitment of SAM to the CRC environment allowed the
microrobots to successfully reach the cancer site. Furthermore, the
recruitment of VA to the hypoxic and nutrient-rich TME resulting
from rapid angiogenesis and tumor necrosis facilitated the effective
delivery of the microparticles to the tumor site. In addition, several
studies have demonstrated that orally administered bacteria can
reach CRC incidence and exhibit significant antitumor effects (51,
52). In conclusion, the factors that promote tumor development and
disrupt the mucosal barrier present an opportunity for our microro-
bots to contact tumors, thus enabling successful delivery to the tu-
mor site. The selective colonization and tumor-targeting ability of
this bacterial formulation show promise for potential applications in
cancer therapy and targeted drug delivery.

Anticancer abilities of VA-SAM@BTO in vivo

Considering the significant cancer cell-killing effect of VA-SAM@
BTO + US in vitro, we evaluated its tumor suppression effect in vivo
using the CT26-luc orthotopic mouse model (Fig. 7A). The mice
were randomly divided into six groups and received the following
treatments: PBS, SAM@BTO, VA, US, SAM@BTO + US, and VA-
SAM@BTO + US. The tumor growth of the orthotopic CRC mice
receiving different treatments was monitored by detecting biolumi-
nescence from the tumor tissue using IVIS (Fig. 7B). The tumor in-
hibition rates for SAM@BTO and US used alone were only 5.26 and
6.42%, respectively. However, the SAM@BTO + US group showed
moderate tumor regression efficacy. VA used alone also showed low
tumor regression efficacy, while the VA-SAM@BTO + US group ex-
hibited a high inhibition rate of up to 90.36% (Fig. 7C). In another
CRC model, the MC38 tumor mouse model, after ultrasound treat-
ment during in vivo therapy, led to a minor decrease in the activity
of VA bacteria, but this change did not result in severe inhibition
(fig. S25). In addition, similar antitumor effects were observed with
different formulations (fig. $26). These findings indicate that the an-
ticancer ability of VA-SAM@BTO may be applicable to other CRC
models. We visually observed the colon cancer tumor volume in
mice treated for 10 days using intraperitoneal endoscopy (Fig. 7D).
Consistent with the bioluminescence results, we found that the
combination therapy of VA-SAM®@BTO + US displayed the highest
tumor inhibition efficiency, followed by SAM@BTO + US. This was
further confirmed by comparing the dissected mouse tumor tissue
volume after 15 days of treatment (Fig. 7E). These results demon-
strate that VA-SAM®@BTO + US exhibits significant tumor suppres-
sion potential after four repeated administrations, and the microbial
robot designed based on bacterial metabolism and catalytic therapy
achieves a remarkable synergistic therapeutic effect. In addition,
mice treated with VA-SAM@BTO + US had a significantly longer
lifespan than the other groups, with all mice surviving longer than
30 days (Fig. 7F). These treatments did not significantly affect the
body weight of the mice, indicating that the harmful effects on
mouse health can be negligible (Fig. 7G).

In addition, as depicted in Fig. 7H, the results of in vivo ROS
staining experiments demonstrated a significant increase in intratu-
moral oxidative stress in mice from both the SAM@BTO + US
group and the VA-SAM@BTO + US group, as indicated by the in-
tense red fluorescence emitted by the ROS probe. Furthermore,
the hematoxylin and eosin (H&E) and terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick end labeling
(TUNEL) staining results provided additional confirmation of the

Fan et al., Sci. Adv. 10, eadm9561 (2024) 8 May 2024

therapeutic efficacy of VA-SAM®@BTO + US. In mice treated with
VA-SAM@BTO + US, substantial shedding of tumor tissue was ob-
served, and tumor cells exhibited widespread necrosis or apoptosis.
Similarly, TUNEL staining revealed that the synergistic therapy
guided by VA-SAM@BTO + US had the most potent induction ef-
fect on tumor cell apoptosis.

Immunological effect of VA-SAM@BTO in vivo

Tumor cell metabolism is considered a crucial factor influencing the
TME and posing challenges for various cancer therapies, particu-
larly immunotherapy. We performed a targeted metabolomics study
on treated tumors using liquid chromatography-tandem mass spec-
trometry. Notably, the VA-SAM@BTO + US group exhibited the
highest LA consumption within the tumor and disrupted the tu-
mor’s tricarboxylic acid (TCA) cycle (Fig. 8A). The findings revealed
that VA-SAM@BTO + US effectively induced metabolic disruption
in situ CRC. In addition, we were delighted to discover that the met-
abolic disturbance resulting from VA-SAM@BTO + US treatment
led to a significant reduction in the levels of three immunosuppres-
sive metabolites (Fig. 8B).

We used flow cytometry to analyze the infiltration of immune
cells orthotopically within CRC (Fig. 8C). Compared to mice treat-
ed with PBS, those treated with VA-SAM@BTO + US exhibited a
significant decrease in the percentage of M2-like tumor-associated
macrophages (TAMs) from 24.1 to 12.5% (Fig. 8D and figs. S27 and
S$28), while the percentage of M1-like TAMs increased significantly
from 11.4 to 28.5% (Fig. 8, C and D). In addition, the treatment re-
sulted in a substantial increase in mature DCs within the tumor tis-
sue (Fig. 8E and fig. S29). Furthermore, following treatment with
SAM@BTO + US, there was a moderate decrease in M2-like TAMs
and a mild increase in M1-like TAMs and mature DCs, possibly at-
tributable to the immunomodulatory effects of ROS or released CO
generated by BTO. Moreover, we observed that VA treatment also
had a positive impact on the M1 polarization of macrophages and
maturation of DCs, indicating that the immunogenicity and LA me-
tabolism of VA could also contribute to the reversal of the tumor
immunosuppressive microenvironment.

Moreover, our in-depth analysis of T cell infiltration within the tu-
mor revealed compelling results. As illustrated in Fig. 8 (F to H) and
fig. $30, the combination treatment of VA-SAM@BTO + US demon-
strated the lowest expression of Ty cells and the highest expression of
CD8" T and CD4" T cells, highly surpassing the effects of SAM@
BTO + US and VA treatment. This suggests that LA consumption sig-
nificantly inhibits the activity of T;g and enhances the cytotoxic activ-
ity of T cells. In addition, the excessive production of ROS and CO also
demonstrates remarkable local immune activation ability. Subsequent-
ly, we used enzyme-linked immunosorbent assay (ELISA) to assess
various typical cytokines in the tumor tissue. These included interleu-
kin-10 (IL-10) secreted by M2-like TAMs, myeloid-derived suppres-
sor cells (MDSCs), and Tregs, as well as IL-1, IL-2, IL-3, IL-6, IL-12,
and interferon-gamma (IFN-y) secreted by CD8" T cells. Our findings
indicated that the tumor lysate supernatant of mice treated with VA-
SAM@BTO exhibited the lowest level of IL-10 (Fig. 81) while showing
the highest levels of IL-6 (Fig. 8]) and IL-12 (Fig. 8K). These results
confirm the polarization of TAMs from M2 to M1 mediated by ROS
and CO, as well as the reduction in MDSCs and Tregs. Furthermore,
the level of IFN-y in mice treated with VA-SAM@BTO was signifi-
cantly increased by 3.8-fold compared to that in mice treated with PBS,
providing further evidence of immune activation (Fig. 8L).
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Fig. 7. In vivo antitumor effect of VA-SAM@BTO upon US irradiation. (A) Schematic showing the experimental process of VA-SAM@BTO in vivo antitumor therapy.
(B) The IVIS images of the orthotopic CRC mice on day 0 and day 15. (C) The corresponding bioluminescence intensity of the orthotopic CRC mice on day 15. (D) Laparo-
scopic images of orthotopic CRC mice on day 10. Scale bar, 1 cm. (E) Photographs showing the antitumor performance of the orthotopic CRC mice. Scale bar, 1 cm. (F) The
percentage survival and (G) body weight of the orthotopic CRC mice. All the results are presented as the means + SDs (n = 5). (H) Dihydroethidium, TUNEL, and H&E
staining of tumor tissues. Scale bars, 100 pm. I: PBS, Il: SAM@BTO, lII: VA, IV: US, V: SAM@BTO + US, VI: VA-SAM@BTO + US. Statistical significance was determined using
ANOVA followed by Tukey’s multiple comparison test (**P < 0.01, ***P < 0.001, and ****P < 0.0001).
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Fig. 8. In vivo section staining and immunomodulation analysis. (A) Intratumoral levels of TCA cycle metabolites measured by liquid chromatography-tandem mass
spectrometry (n = 4). (B) The intratumoral adenosine, 2-hydroxyglutarate, and kynurenine content in CRC tumors after various treatments. (C) Schematic showing the
mechanisms by which VA-SAM@BTO mediates the immunomodulatory effect of the TME in CRC. (D to H) Representative flow cytometry images and corresponding quan-
tification of M1-like (CD11b*CD86™), DC (CD11¢*CD80YCD86™), Treq (CD457CD3*CD4*CD25 Foxp3*), CD8* T cells (CD457CD3*CD8*), and CDA™ T cells (CD457CD3*CD4™)
in tumor tissues. (I to L) Enzyme-linked immunosorbent assay analysis of orthotopic CRC mouse tissue. I: PBS, Il: SAM@BTO, lIl: VA, IV: US, V: SAM@BTO + US, VI: VA-SAM@
BTO + US. The data are presented as the means + SD. All the results are presented as the means + SDs (n = 3). Statistical significance was determined using ANOVA fol-
lowed by Tukey’s multiple comparison test (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).
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In summary, on the basis of intratumoral metabolomics analysis
and the immunological effect of VA-SAM@BTO in vivo, we found a
positive correlation between LA levels and tumor immunosuppres-
sion in the different treatment groups. The VA-SAM@BTO + US
group exhibited the highest LA consumption within the tumor and
disrupted the tumor’s TCA cycle resulting in metabolic disturbance.
This treatment approach achieved the most potent immune activa-
tion effect. Catalytic synergistic immunotherapy mediated by VA-
SAM@BTO + US effectively transforms “cold” CRC cells into a
“hot” TME, indicating the establishment of an immune-functional
TME conducive to immunotherapy.

The abundance of gut microbiota

Multiple studies have demonstrated that tumor progression can affect
the composition of the gut microbiota, and, in turn, the gut microbio-
ta can shape the TME, thus influencing the antitumor immune re-
sponse (53, 54). Through an analysis of the fecal microbiota of treated
mice and healthy mice, we confirmed the regulatory effect of VA-
SAM@BTO + US treatment on the gut microbiota. As shown in
Fig. 9A, the mice with in situ CRC treated with VA-SAM@BTO + US
and the healthy group of mice exhibited a similar composition of gut
microbiota. On the basis of the 16S rDNA identification presented in
Fig. 9 (B and C), significant changes were observed in mice treated
with VA-SAM@BTO + US compared to the control group, as indi-
cated by distinct clustering patterns in the nonmetric multidimen-
sional scaling analysis of beta diversity. At the family level, the
abundance of Lachnospiraceae, Rikenellaceae, Bacteroidaceae, Rumi-
nococcaceae, Tannerellaceae, and Akkermansiaceae was notably in-
creased in the VA-SAM@BTO + US treatment group (Fig. 9D).
Furthermore, at the genus level, the abundance of Roseburia de-
creased in the control group but increased in the VA-SAM@
BTO + US group (Fig. 9E). In addition, as depicted in Fig. 9E the
abundance of beneficial bacterial genera, such as Lachnospiraceae,
Roseburia, Akkermansia, Tannerellaceae, Clostridia, and Ruminococ-
caceae, which are known to produce SCFAs, significantly increased
after VA-SAM@BTO + US treatment. SCFAs are well-established
biomarkers for predicting the progression of CRC and serve as thera-
peutic targets for delaying or preventing CRC progression. Hence, we
further examined the impact of VA-SAM@BTO + US on SCFAs. As
shown in Fig. 9 (G and H), we were pleasantly surprised to find that
there was a remarkable increase in SCFA production in the orthotopic
CRC mouse group following VA-SAM@BTO + US treatment com-
pared to that in the control group. These results suggest that VA-
SAM@BTO + US may alter the gut microenvironment and impede
disease progression by restoring the abundance of the gut microbiota,
increasing the proportion of beneficial bacteria, and elevating
SCFA levels.

Biosafety evaluation of VA-SAM@BTO

To further validate the biocompatibility and specific targeted antitu-
mor mechanism of VA-SAM@BTO-based therapies, we conducted
a thorough investigation of the biosafety of VA-SAM@BTO through
histological examination, routine blood examination, and blood
biochemical analyses. As depicted in Fig. 10A, minimal inflamma-
tory damage was observed in the tissue sections of each group of
agents. Furthermore, real-time quantitative polymerase chain reac-
tion was used to assess the damage and inflammatory response of
major organs exposed to each group of agents. The results displayed
in Fig. 10B indicate that there was no significant inflammatory
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response for all groups of agents, thereby confirming the biosafety of
VA-SAM@BTO + US-based cancer therapies.

To delve deeper, we also assessed the impact of orally adminis-
tered VA-SAM@BTO on the blood routine of healthy mice after 7 and
14 days. The routine blood indexes, including MCHC, RBC, HCT,
WBC, PLT, MCV, HGB, and MCH, showed no statistically sig-
nificant difference in the VA-SAM@BTO-treated group compared
to the PBS group. In addition, the blood biochemical indices, as
shown in Fig. 10D, displayed little observable difference between
the PBS control mice and those orally administered VA-SAM@BTO
for 1,7, and 14 days. As shown in fig. S31, 2 weeks after oral admin-
istration of VA-SAM@BTO, no significant organ damage was ob-
served in the major tissues of the organisms. Moreover, we further
investigated the biodistribution and metabolic elimination of VA-
SAM@BTO nanomaterials by using inductively coupled plasma
mass spectrometry (fig. S32). The results showed that the Ba con-
centration in the tumor site significantly increased after oral admin-
istration, demonstrating that VA-SAM®@BTO was enriched at the
tumor sites. In addition, the metabolites of nanoparticles and long-
term biosafety are highly important. Therefore, we further detected
the Ba content 15 and 30 days after treatment. At 30 days after treat-
ment, the Ba content in the main tissues decreased to a very low
level compared with that on the first day after treatment, which in-
dicated that most VA-SAM@BTO was metabolized and excreted
from the body. These findings collectively indicate that the prepared
VA-SAM@BTO material exhibits excellent biocompatibility and
biosafety.

DISCUSSION

In this study, we developed a clever strategy using microrobots for
treating tumors by using the unique physiological structure and
metabolic characteristics of VA. We started by synthesizing tetrava-
lateral piezoelectric ceramic material BTO nanocubes through a hy-
drothermal method. To enhance their functionality, we coated the
nanocubes with an S. aureus membrane (SAM@BTO). This coating
not only allowed for active targeting of tumors but also provided a
reactive site for modifying the BTO elements on the VA surface.
Through a classic click chemical reaction, we encapsulated SAM@
BTO on the surface of VA cells, creating VA-SAM@BTO. By com-
bining the inflammatory targeting of SAM and the anaerobic target-
ing of VA cells, we built a multidirectional collaborative treatment
platform for tumors. This system effectively achieves tumor double
targeting and enables deep tumor penetration. When orally admin-
istered, this treatment platform accurately targets in situ CRC and is
capable of long-lasting retention and tumor penetration. Under
in vitro US stimulation, BTO exhibits an efficient piezoelectric ef-
fect, enabling it to catalyze two reduction reactions (O, — <O, and
CO, — CO) and three oxidation reactions (H,O — «OH, GSH — GSSG,
and LA — PA) simultaneously. This leads to the proliferation of ROS
and CO, which synergistically induce immunogenic cell death in
tumor cells and activate the immune response. BTO also catalyzes
the LA oxidation coupling of LA consumption by VA cells, effec-
tively disrupting the immunosuppressive microenvironment caused
by high LA levels. Consequently, it enhances DC cell maturation
and macrophage M1 polarization, increases the proportion of effec-
tor T cells, and decreases the number of Ty, cells. Furthermore, the
biological hybrid robots demonstrated excellent biosafety both
in vitro and in vivo, indicating their potential for practical
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Fig. 9. The modulation of intestinal microbiota by VA-SAM@BTO. (A) Venn diagram of identified bacterial strains in the feces of healthy group mice, as well as in the
fecal samples of the control group and VA-SAM@BTO + US-treated in situ CRC mice. (B) Microbial o diversity at the amplicon sequence variant (ASV) level was evaluated
using the Shannon index. (C) The microbial § diversity at the ASV level, based on the Bray-Curtis distance, was analyzed via nonmetric multidimensional scaling (NMDS).
The relative abundance of intestinal microbial families at the family level (D) and the genus level (E). (F) The relative abundances of Lachnospiraceae, Roseburia, Akkeman-
sianceae, Tannerellsceae, Clostridia, and Ruminococcaceae in each group. (G) A summary of SCFA and (H) acetate, propionate, and butyrate levels in the different groups.
The data are presented as the means + SD (n = 3 mice). Statistical significance was determined using one-way ANOVA combined with Tukey’s post hoc test (*P < 0.05,
##P < 0.01, and ***P < 0.001).
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Fig. 10. Biosafety evaluation of VA-SAM@BTO. (A) Representative H&E-stained images of major organs. Scale bar, 100 um. (B) ELISA analysis of mouse data (n = 5 bio-
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application and clinical translation. Overall, our study highlights the
effectiveness and safety of the developed biological hybrid robots for
targeted antitumor therapy, providing a promising approach for fu-
ture therapeutic interventions.

Most of the biohybrid tumor treatment systems previously re-
ported based on active microorganisms use microorganisms as
simple delivery carriers, and there is no synergy between the micro-
bial system and the loaded nanomedicine. In addition, some studies
involve the use of genetically engineered microorganisms for thera-
peutic purposes other than delivery, which also increases the com-
plexity and instability of biohybrid nanomedicine preparations. In
this study, VA, which is naturally consumed by LA, was used as a
carrier to load SAM-coated BTO to achieve synergistic catalytic and
immune treatment of CRC. The main innovations and advantages of
these methods are mainly reflected in the following aspects. First,
the preparation method of biohybrid systems is simple, and the pro-
cess is mature. Second, SAM and VA were used to achieve cascade
targeting of the formulation, which increased its bioavailability.
Third, in vitro US stimulation can not only mediate efficient target-
ed catalytic therapy for tumors but also enhance the ability of VA to
consume LA through the oxidation of separated holes, reflecting a
good synergistic effect between nanomedicine and microbial carri-
ers. Last, the strategy reported in this study mediates highly effective
synergistic tumor catalysis and immune therapy through the effec-
tive killing of the primary tumor and regulation of the immunosup-
pressive microenvironment.

Despite the promising results shown in preclinical studies,
bionanomaterial-functionalized bacterial therapies may exhibit sig-
nificant differences in behavior and efficacy within the complex
physiological environment of a living organism. Factors such as im-
mune reactions, clearance mechanisms, and biofilm formation can
affect the therapeutic effectiveness and overall success rate of bacte-
rial therapies. Therefore, additional comprehensive in vivo research
is needed to determine the effectiveness of bacterial therapeutic for-
mulations. In terms of clinical translation, scalability and reproduc-
ibility issues concerning bionanomaterial-functionalized bacterial
therapies also need to be addressed. Manufacturing large quantities
of consistent and high-quality bionanomaterial-functionalized bac-
terial therapies may be challenging. In conclusion, robust produc-
tion methods for bionanomaterial-functionalized bacteria that can
meet clinical demands while maintaining therapeutic efficacy are
urgently needed.

MATERIALS AND METHODS

Preparation of VA-SAM@BTO

After the initial washing of VA bacterial cells with Mops buffer to re-
move any residual RCM medium and subsequent suspension in Mops
buffer, approximately 1 X 10° VA bacterial cells were subjected to
treatment with 30 pM azido-PEG4-NHS ester at room temperature
for a duration of 1 hour. Next, SAM@BTO nanoparticles were ex-
posed to 50 pM DBCO-PEG4-NHS ester at room temperature for
1 hour to undergo modification with azide groups for the purpose of
click chemistry. The VA cells and SAM@BTO nanoparticles were then
separately washed three times with Mops buffer to eliminate any un-
reacted NHS ester, thereby preparing them for subsequent covalent
binding. To optimize the binding efficiency, various concentrations of
nanoparticles (0.05, 0.1, 0.2, and 0.5 mg/ml) were used for covalent
binding. During the covalent binding process, DBCO-modified
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nanoparticles were coincubated with azide-functionalized VA cells
for a period of 45 min. Subsequently, the resultant VA-SAM@BTO
covalent conjugate was collected following centrifugation at 7000g for
5 min and underwent a further three washes with Mops buffer in
preparation for subsequent characterization.

Intracellular cytotoxicity assay of VA-SAM@BTO

Mouse CRC cells (CT26, catalog number: CRL-2638) and CT26 cells
transfected with luciferase (CT26-luc) were obtained from the
American Type Culture Collections. CT26 cells were seeded in the
bottom chamber of a 24-well transwell at a density of 5 x 10* cells per
well and cultured in RPMI 1640 medium (0.5 ml per well) containing
10% fetal bovine serum for 12 hours. Subsequently, different materi-
als (SAM@BTO, VA, US, SAM@BTO + US, VA-SAM@BTO + US)
were added to the top chamber of the transwell and coincubated with
CT26 cells for 12 hours. The cells were then irradiated with US and
US treatment (1 MHz, 1 W cm™2, 50% duty cycle), followed by fur-
ther incubation for 12 hours. For the in vitro cytotoxicity assay, CCK-
8 solution (100 pl, 10% CCK-8) was added, and the cells were further
incubated for 1 hour. The absorbance of each well at 450 nm was then
measured using a microplate reader.

Establishment of orthotopic colorectal cancer animal model
All animal experiments were approved by the Animal Ethics Com-
mittee of the Tianjin University Laboratory Animal Center and
conducted in accordance with the Guidelines for the Care and Use
of Laboratory Animals of Tianjin University. The approved animal
experiment number is TJUE-2023-253. In the orthotopic CRC
model, luciferase-transfected CT26 cells (2 x 10° cells per mouse)
were implanted in the cecum of female BALB/c mice (8 weeks, 20 to
22 g). Tumor growth was monitored using the IVIS (PerkinElmer)
system for bioluminescence imaging. Following the same proce-
dure, 2 x 10° MC38 cells were intraperitoneally injected into each
BALB/c mouse to establish the MC38 tumor mouse model.

Antitumor therapy in vivo

In the orthotopic CRC model, mice with tumors were randomly
assigned to six groups (n = 5 per group): (i) PBS, (ii) SAM@BTO,
(iii) VA, (iv) US, (v) SAM@BTO + US, and (vi) VA-SAM@
BTO + US. The final concentration of VA was 1 x 10° CFU per
mouse, and the final concentration of BTO was 10 mg/kg. The US
treatment conditions were set at a 1 MHz frequency, 1 W cm™? in-
tensity, 50% duty cycle, and 5-min duration. The growth of the or-
thotopic tumors was monitored through bioluminescence imaging
using an IVIS system from PerkinElmer. After undergoing various
treatments, the mice were euthanized and dissected to assess dis-
ease progression. Several major organs were collected and pre-
served in 4% paraformaldehyde for histological analysis. Furthermore,
the body weights of the mice were monitored every 3 days.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S32
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