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Abstract
Diatoms, as natural sources of porous silica, have important potential for biomedical applications. Biohybrid microrobots 
also show promise for targeted delivery; however, research on converting diatoms into biohybrid microrobots and exploiting 
their intrinsic properties for cancer treatment remains limited. In this study, Thalassiosira weissflogii was transformed into 
biohybrid microrobots (Mag-Diatoms) while retaining its natural chlorophyll, thereby enabling Mag-Diatom-mediated photo‐
dynamic therapy (PDT) without additional drug modification. In this system, Mag-Diatoms acted as microrobots, and their 
intrinsic chlorophyll served as a photosensitizer, exhibiting excellent biological safety. The autonomous closed-loop motion 
of the Mag-Diatoms was achieved using an artificial intelligence algorithm, which enabled controlled navigation along a pre‐
set trajectory. Mag-Diatoms also exhibited the ability to traverse narrow slits and target cancer cells within a cellular environ‐
ment. The PDT effect was validated in vitro using human malignant glioblastoma (GBM) cell lines and primary cells derived 
from patients. The results revealed that the cell viability was closely related to the Mag-Diatom concentration, laser intensity, 
and irradiation time. Under combined Mag-Diatoms and laser treatment, viability decreased to 19.5% in primary cells and 
3.6% in cell line models. Moreover, in vivo experiments using a mouse glioma model revealed that Mag-Diatom-mediated 
PDT effectively suppressed GBM progression. These findings highlight the potential of diatom-derived biohybrid microro‐
bots, leveraging their natural properties, as a novel material and solution for PDT-based GBM therapy.
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1　Introduction

Micro- and nanorobots can access difficult-to-reach areas of 
the human body due to their small size and flexible mobil‐
ity. They have demonstrated a wide range of potential appli‐
cations in targeted delivery, medical diagnostics, and surgi‐
cal therapy in recent years [1–9]. These devices convert ex‐
ternal chemical or physical energy into kinetic energy, en‐
abling diverse modes of locomotion. Rapid progress has 
been made in the development of micro- and nanorobots 
with multiple motion mechanisms, and many efforts have 
been directed toward their biomedical application [10–14]. 
Biohybrid micro- and nanorobots integrate biological com‐
ponents—such as living cells, enzymes, and biomembranes—
with artificial structures to achieve autonomous motion and 
carry out specific functions [15–18]. Their design leverages 
the inherent properties of biological elements, such as self-
healing, biosensing, actuation, and unique structural and 
compositional features. These properties can be further 
modified or engineered to meet specific application require‐
ments, thereby improving their potential. Biohybrid micro- 
and nanorobots offer excellent biocompatibility and exhibit 
improved adaptability to complex microenvironments. They 
hold promise for applications in targeted delivery, biosens‐
ing, and cancer therapy [19–22]. Continued research aims 
to optimize the functional characteristics of biomaterials 
and to improve the mobility and therapeutic potential of bio‐
hybrid micro- and nanorobots, reinforcing their value as 
emerging tools in biomedicine.

Targeted delivery technologies can enhance diagnostic 
and therapeutic outcomes while minimizing adverse effects, 

making them a promising approach in biomedical applica‐
tions [5, 23]. However, drug leakage remains a major chal‐
lenge in delivery systems. Because of their distinct morpho‐
logical properties—such as their easily adjustable size and 
shape, high dispersibility, stability, and ease of surface 
modification—mesoporous silica particles are frequently 
used in drug delivery [24]. Compared with traditional nano‐
carriers, mesoporous silica offers distinct advantages as a 
drug delivery system [25–27]. However, its synthesis often 
requires toxic reagents, such as silane and hydrofluoric acid, 
and the preparation process is complex, time-consuming, and 
expensive. In comparison, diatoms—naturally occurring 
silica-based materials—represent a more environmentally 
friendly and economical alternative owing to their complex 
porous structure and diverse morphologies [28, 29]. Dia‐
toms are single-celled photosynthetic algae that contribute 
to an estimated 20% of global oxygen production annually. 
Their silica-based cell walls are layered and three-
dimensional, providing mechanical stability, high surface 
area, and broad potential in the biomedical field [30]. Previ‐
ous studies have explored the application of diatoms in tar‐
geted delivery, bone regeneration, hemostasis, and signal 
detection [31–33], and their conversion into microrobots for 
biomedical applications has also been studied [34–37]. 
Thalassiosira weissflogii (T. weissflogii) is a unicellular ma‐
rine diatom widely distributed across oceanic environments. 
It belongs to the genus Thalassiosira, within the order 
Centrales. The cells are typically circular or oval, with di‐
ameters ranging from 10 to 20 µm. Their intricately pat‐
terned siliceous frustule provides high mechanical strength 
and exceptional chemical stability. Due to these properties, 
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T. weissflogii has been extensively investigated as a platform 
for drug delivery and biosensing applications [38]. The 
silica frustule surface can be functionalized with various 
chemical moieties, such as therapeutic agents and nanopar‐
ticles, enabling targeted delivery and enhancing the thera‐
peutic efficacy [39, 40]. However, the intrinsic biological 
components of diatoms, such as chlorophyll, remain underex‐
plored for biomedical use. The unique structural and func‐
tional properties of diatoms represent a valuable resource 
for future research and hold potential to drive further inno‐
vation in the biomedical field.

Glioblastoma (GBM) is the most common and aggres‐
sive primary malignant tumor of the central nervous 
system [41, 42]. According to the WHO CNS5 classifica‐
tion, GBM is defined as an isocitrate dehydrogenase (IDH)-
wildtype diffuse glioma with distinct molecular features; 
other gliomas include astrocytoma, IDH-mutant, and oligo‐
dendroglioma, IDH-mutant and 1p/19q-codeleted [42]. Mul‐
timodal therapy—consisting of maximal safe surgical resec‐
tion, radiotherapy, and temozolomide chemotherapy—re‐
mains the standard of care. However, the highly invasive 
and infiltrative nature of GBM precludes complete eradica‐
tion. Consequently, despite comprehensive treatment [43], 
patients almost inevitably face tumor recurrence and ulti‐
mately death [44, 45]. Furthermore, profound intratumoral 
heterogeneity, therapeutic resistance, and the absence of ef‐
fective targeted therapies continue to represent major chal‐
lenges in GBM management [42]. Photodynamic therapy 
(PDT) has emerged as a potential therapeutic option for 
GBM. PDT relies on photosensitizers that, when activated 
by light of a specific wavelength, generate reactive oxygen 
species (ROS) capable of destroying tumor cells [46]. This 
approach is spatially and temporally selective, enabling tar‐
geted cytotoxicity against cancer cells while producing rela‐
tively low systemic toxicity to normal tissues. PDT has 
shown promise in preclinical and clinical studies for GBM 
and is increasingly considered an attractive adjunct 
therapy [47, 48]. The clinical efficacy of photosensitizers is 
limited by three key factors: restricted penetration of the 
blood–brain barrier, selective accumulation in tumor tissue, 
and the need for activation by long-wavelength light suitable 
for deep tissue. First-generation photosensitizers (e.g., Photo‐
frin® and hematoporphyrin derivative (HpD)) were the earli‐
est used clinically but were hampered by poor tumor selectiv‐
ity and severe phototoxicity [48, 49]. Second-generation pho‐
tosensitizers (e.g., meta-tetrahydroxyphenylchlorin (mTHPC) 
and 5-aminolevulinic acid (5-ALA)) offered improved pho‐
tophysical properties and tumor targeting [50]; among 
them, 5-ALA has been applied in intraoperative navigation 
and PDT for GBM. However, their use is still constrained 
by limited blood–brain barrier penetration and uncontrolled 
drug release [51, 52]. Third-generation photosensitizers, 
typically combined with nanocarriers, enhance cellular 

uptake and drug release regulation. These platforms incorpo‐
rate features such as oxygen supply, hypoxia-activated 
mechanisms, and multidrug combination delivery [53–56]. 
However, issues related to drug targeting, in vivo stability, 
and real-time monitoring remain unresolved [57]. Fabricat‐
ing diatoms into microrobots and exploiting their intrinsic 
chlorophyll as a photosensitizer may overcome some of 
these limitations. This approach eliminates the need for ex‐
ogenous drug loading and reduces the risk of leakage. More‐
over, the robust porous silica framework of diatoms, com‐
bined with magnetic navigation, offers a promising strategy 
for efficient and safe PDT in GBM.

In this study, we developed a diatom-based biohybrid 
magnetic microrobot, termed Mag-Diatom, for PDT of 
GBMs (Fig. 1). Chlorophyll in algae has previously been 
studied as a photosensitizer for PDT [58, 59], and diatoms 
naturally contain chlorophyll [60]. Therefore, Mag-Diatom 
does not require additional drug-loading modifications. In‐
stead, it uses the intrinsic chlorophyll in diatoms as a photo‐
sensitizer to achieve in situ PDT, thereby providing a novel 
platform for GBM therapy. The fabricated Mag-Diatoms 
showed efficient mobility, with closed-loop trajectory track‐
ing achieved through simple proportional–integral–differen‐
tial (PID) control. They also exhibited the ability to autono‐
mously change movement modes and traverse narrow chan‐
nels. In addition, combined with artificial intelligence (AI) 
algorithms, the ability of Mag-Diatoms to autonomously 
track movement trajectories and precisely deliver to target 
cells was proven. The dual movement modes improved en‐
vironmental adaptability, whereas the integration of AI algo‐
rithms enhanced autonomous and flexible movement con‐
trol. Human malignant glioblastoma cells (U87), primary 
glioma cells (GSC63), and mouse glioma models were used 
to verify the photodynamic capabilities of the prepared 
Mag-Diatom. Experimental results indicated that Mag-
Diatoms effectively induced PDT, exhibiting promise as a 
biohybrid therapeutic platform for GBM. Notably, their reli‐
ance on endogenous chlorophyll simplified the material 
preparation process and mitigated the risk of drug leakage 
associated with conventional delivery systems. By leverag‐
ing the natural properties of diatoms and integrating AI-
based control, Mag-Diatom represents a potentially efficient 
and safe treatment tool for GBM treatment.

2　Materials and methods

2.1　Instrument and analyses

A Quattro S instrument (Thermo Fisher Scientific, USA) 
was used to obtain energy-dispersive spectrometer (EDS) 
mapping and scanning electron microscopy (SEM) images. 
Dynamic light scattering measurements were performed 
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using a Zetasizer Nano ZSP (Malvern, UK) to determine 
the zeta potential. The magnetic properties of Mag-Diatoms 
and Fe3O4 nanoparticles (NPs) were analyzed using a Lake 
Shore 740 vibrating sample magnetometer (Lake Shore, 
USA). A Ti2-E inverted fluorescence microscope (Nikon, 
Japan) was used to take both brightfield and fluorescence 
images. An ultraviolet–visible–near-infrared (UV–Vis–NIR) 
spectrometer (Lambda 1050+, PerkinElmer, USA) was used 
to obtain absorption spectra. Fluorescence imaging was per‐
formed at specific wavelengths using a CrestOptics X-Light 
V3 spinning disk confocal microscope (Nikon). A DNM-
9602G microplate reader (Perlong Medical, China) was 
used to perform the cell counting kit-8 (CCK-8) assays. Slit 
structures were fabricated through three-dimensional (3D) 
microprinting using a commercial two-photon polymeriza‐
tion system (Photonic Professional GT2, Nanoscribe 
GmbH, Germany).

2.2　Cultivation of diatoms and preparation of 
Mag-Diatoms

T. weissflogii was obtained from Shanghai Guangyu Bio‐
technology Co., Ltd. (China). The diatom cells were cul‐
tured in an incubator (GZP-150BE, LICHEN, China) under 
a 12:12-h light–dark cycle at 24 °C, with light intensity set 
to 2000 lx. The cultures were concentrated by centrifuga‐
tion at 2000g for 5 min to yield a final cell density of 
5×106 cells/mL. Following a 4-h dark treatment with 
0.1 mol/L hydrochloric acid, the diatom cells were washed 
twice by centrifugation with deionized water. To prepare 
Mag-Diatoms, 300 µg of Fe3O4 NPs was mixed with 

1 mL of diatom cell suspension (1 mg/mL) and shaken for 
1.5 h.

2.3　Magnetic control of Mag-Diatoms

The movement of Mag-Diatoms was regulated using a five-
coil magnetic system integrated into an inverted micro‐
scope. The system consisted of four mutually perpendicular 
iron-core coils arranged in the horizontal plane and one 
non-iron-core coil positioned in the vertical plane. The ef‐
fective circular working area of the system was 40 mm in 
diameter. A desired output signal was generated in Lab‐
VIEW and transmitted through an input/output card 
(NI PCIe-6738) to a servo amplifier (Maxon ESCON 50/5). 
The amplifier then transmitted the signal to the five electro‐
magnetic coils, which in turn produced the required mag‐
netic fields.

2.4　Cell culture

Commercially available U87 cells were cultivated in Dul‐
becco’s modified Eagle’s medium (DMEM) supplemented 
with 200 nmol/L L-glutamine, 10% fetal bovine serum, and 
1% penicillin-streptomycin at 37 °C and 5% CO2. Primary 
GBM cells (GSC63) were isolated from recently excised 
GBM tissue obtained from a patient at the First Affiliated 
Hospital of China Medical University. Sleeping Beauty (SB) 
mouse glioma sphere cells (mGSCs) were derived from a 
de novo-induced spontaneous GBM model based on a previ‐
ously reported murine spontaneous glioma model [61]. GSC63 
and SB mGSCs were maintained in stem cell medium 

Fig. 1  Schematic illustration of Mag-Diatom-mediated PDT

402



Bio-Design and Manufacturing (2026) 9:399–414

consisting of DMEM/F12 supplemented with 2% B27, 
10 ng/mL epidermal growth factor, and 10 ng/mL fibroblast 
growth factor.

2.5　In vitro cell experiments

Cell viability was assessed using the standard CCK-8 cell 
assay. U87 cells were seeded in 96-well plates at a density 
of 6000 cells/well. After 24 h of culture, diatoms and Mag-
Diatoms were added at various concentrations (0.625×104, 
1.25×104, 1.875×104, 2.5×104, 18.75×104, 25×104, 62.5×
104, and 125×104 cells/mL). After 24 and 48 h of culture, the 
cells were washed twice with phosphate-buffered saline 
(PBS), and the culture medium containing 10 µL of the 
CCK-8 reagent was added. Absorbance at 450 nm was mea‐
sured using a microplate reader (DNM-9602 G, Perlong 
Medical). These experiments were used to assess the biocom‐
patibility of diatoms and Mag-Diatoms with U87 cells. To 
evaluate PDT effects, U87 cells were treated with Mag-
Diatoms at concentrations of 6×104, 8×104, 10×104, and 
12×104 cells/mL. After 5 h of culture, the cells were irradi‐
ated with a 638-nm laser (43.5 mW) for 2 min, and then cul‐
tured for an additional 12 h. The cells were washed twice 
with PBS, CCK-8 reagent was added, and the absorbance 
was measured after 1 h. Further experiments were con‐
ducted to examine the influence of laser intensity and irra‐
diation time. U87 cells with or without Mag-Diatoms 
(120 000 cells/mL) after 5 h of culture were irradiated either 
at different intensities (0, 14.1, 28.0, and 43.5 mW for 2 min) 
or at 43.5 mW laser power for varying durations (0, 2, 5, 
and 10 min). The cells were then cultured for 12 h, washed 
twice with PBS, and treated with CCK-8 reagent; the ab‐
sorbance of each well was measured following a 1-h 
incubation.

Primary GSC63 cells were seeded in 96-well plates at 
20 000 cells/well and cultivated for 24 h. Mag-Diatoms (0, 
8000, 10 000, and 12 000) were then added to each well and 
cultured for 5 h. The cells were irradiated with a 638-nm 
laser (43.5 mW) for 5 min, cultured for 12 h, and treated 
with CCK-8 reagent; the absorbance was measured after 
3 h. To further evaluate PDT effects, GSC63 cells were 
treated with or without 12 000 Mag-Diatoms, cultured for 
5 h, and exposed to laser irradiation at different intensities 
(0, 14.1, 28.0, and 43.5 mW for 5 min). After 12 h of cul‐
ture, the CCK-8 reagent was added, and the absorbance 
was measured after 3 h. In another set of experiments, 
10 000 Mag-Diatoms were either added to or omitted 
from 96-well plates with primary GSC63 cells and irradi‐
ated with a 43.5-mW laser for 0, 2, 5, or 10 min follow‐
ing 5 h of incubation. After an additional 12 h, CCK-8 re‐
agent was added, and the absorbance was measured 3 h 
later.

2.6　Construction and treatment of tumor 
models

Mice were housed in ventilated cages in groups, under con‐
trolled humidity and temperature with a 12-h light–dark 
cycle. Prior to the experiments, each animal was randomly 
assigned a body weight. For the orthotopic mouse model, 
5-week-old male C57 mice (Beijing HFK BioScience Co., 
Ltd., China) were implanted with SB mGSCs (2×105 cells 
per mouse) through stereotactic intracranial injection to es‐
tablish an SB-bearing murine model. The injection coordi‐
nates were 2.0 mm posterior to the anterior fontanelle, 
2.0 mm lateral to the midline, and 2.0 mm in depth.

Two weeks after orthotopic tumor implantation, mice ex‐
hibited remarkable neurological symptoms, and successful 
glioma establishment was confirmed through in vivo imag‐
ing (NightOWL II LB983, Berthold Technologies, Ger‐
many). Mice were then randomized into four groups (n=
3 per group): Control, Laser (638 nm, 5 min of irradiation 
on Days 15 and 17), Mag-Diatom (25 000 units intracrani‐
ally on Day 15), and Mag-Diatom+Laser (combined treat‐
ment as above). On Day 15, mice in the Mag-Diatoms 
groups received an intracranial injection of 1 µL of Mag-
Diatoms (25 000 units), followed by localized 638-nm laser 
irradiation (5 min) for the laser-treated groups. A second ir‐
radiation was performed on Day 17. The final in vivo imag‐
ing session was performed on Day 21, after which mice 
were euthanized with carbon dioxide. Body weight changes 
were recorded throughout the experiment, and data were 
analyzed using GraphPad PRISM software.

2.7　Statistical analysis

Data are presented as mean±standard deviation. Origin 
10.1.0 (Learning Version) (Origin Lab, USA) was used for 
statistical analysis. Each experiment was conducted in at 
least three independent replicates. Statistical significance was 
evaluated using Student’s t-test. Significance values were de‐
fined as *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.

3　Results and discussion

3.1　Preparation and characterization of 
Mag-Diatoms

3.1.1　Diatom cell pretreatment

T. weissflogii was selected as the biological template for 
preparing Mag-Diatoms. Figure 2a shows a bright-field im‐
age of the cylindrical T. weissflogii cells. The diatom cells 
were initially treated with hydrochloric acid (HCl) to re‐
move the calcium-based cementing compounds from their 
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surfaces, yielding HCl-treated diatoms (HCl-Diatoms) with 
smooth, porous surfaces. To determine the optimal HCl con‐
centrations, we evaluated the absorbance of diatom suspen‐
sions following treatment with various HCl concentrations, 
as well as the magnetic response of the subsequently modi‐
fied Fe3O4 NPs (Fig. S1 in the supplementary information). 
Absorbance served as an indicator of chlorophyll content in 
the suspension, and the magnetic response reflected the motil‐
ity characteristics of Mag-Diatoms. Although 0.1 mol/L HCl 
produced a slightly weaker magnetic response than 1 mol/L 
HCl (Fig. S1c in the supplementary information) and absor‐
bance values were comparable (Fig. S1a in the supplemen‐
tary information), the 0.1 mol/L treatment effectively re‐
moved surface impurities, reduced reagent costs, avoided 
corrosion from higher concentrations, and lowered potential 
environmental impact. Therefore, 0.1 mol/L HCl was se‐
lected as the pretreatment condition for T. weissflogii cells.

3.1.2　Preparation and characterization of Mag-Diatoms

The surface of HCl-Diatoms carried a negative charge, with 
a zeta potential of − 29.8 mV (Fig. S2 in the supplementary 
information). The zeta potential of the Fe3O4 NPs was 
+47.97 mV, indicating a positively charged surface (Fig. S2 

in the supplementary information). Since the surface 
charges of the two materials were opposite, Fe3O4 NPs 
were coated onto the surface of HCl-Diatoms through elec‐
trostatic adsorption. The zeta potential of the Mag-Diatoms 
modified with Fe3O4 NPs was − 5.8 mV (Fig. S2 in the 
supplementary information). Figure 2b shows SEM images 
of diatoms at different treatment stages, with enlarged 
views provided in Fig. S3 (supplementary information). 
The SEM images revealed that the surfaces of HCl-Diatoms 
were cleaner than those of untreated diatom cells, and their 
porous structures were more distinct, which is conducive to 
the subsequent attachment of Fe3O4 NPs. The images also 
confirmed the successful deposition of Fe3O4 NPs onto the 
diatom surfaces, verifying that the Mag-Diatom was suc‐
cessfully prepared. Macroscopic images of diatom suspen‐
sions and freeze-dried samples at various treatment stages 
are shown in Fig. 2c. Elemental composition analyses of 
diatom cells, HCl-Diatoms, and Mag-Diatoms were con‐
ducted using EDS. As shown in the EDS mapping image 
(Fig. 2d), Fe was detected on the surfaces of the prepared 
Mag-Diatom, confirming the incorporation of Fe3O4. The 
saturation magnetization of Fe3O4 NPs was 76.61 emu/g 
(1 emu=10-3 A·m2), whereas that of Mag-Diatoms was 
21.32 emu/g, corresponding to a Fe3O4 mass concentration 

Fig. 2  Preparation and characterization of Mag-Diatoms. (a) Bright-field image of cylindrical T. weissflogii cells. (b) SEM images of diatom 
cells, HCl-Diatoms, and Mag-Diatoms. (c) Digital images of diatom cells, HCl-Diatoms, and Mag-Diatoms in deionized water (bottom) and as 
freeze-dried powder (top). (d) SEM image of a Mag-Diatom with corresponding EDS mapping of Fe. (e) Magnetization curves of Mag-Diatoms 
and Fe3O4 NPs. (f) Fluorescence images of diatom cells, HCl-Diatoms, and Mag-Diatoms. (g) Average fluorescence intensity of diatom cells, 
HCl-Diatoms, and Mag-Diatoms. ***p<0.001; ns: not significant. 1 emu=10-3 A·m2; 1 Oe=1000/(4π) A/m
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of 27.83% (Fig. 2e). The magnetization curves (Fig. 2e) fur‐
ther show that Mag-Diatoms possessed favorable paramag‐
netic properties. The inset in Fig. 2e shows that Mag-
Diatoms could be separated from liquid using external mag‐
nets, indicating strong magnetic properties. Thus, these re‐
sults confirm that T. weissflogii cells were successfully con‐
verted into Mag-Diatoms and that surface modification with 
Fe3O4 NPs endowed them with magnetic properties.

3.1.3　Verification of chlorophyll in Mag-Diatoms

Natural diatoms contain chlorophyll [60], which emits 
strong fluorescence under the excitation of a Cy5-band 
laser [62]. Figure 2f shows confocal images of diatoms at 
different processing stages. Diatom cells, HCl-Diatoms, and 
Mag-Diatoms all emitted fluorescence when stimulated by 
the C640 laser channel. As shown in Fig. 2g, the fluores‐
cence intensity of diatoms decreased after HCl treatment; 
however, the attachment of Fe3O4 NPs did not affect the 
fluorescence intensity. Moreover, the absorbance spectra of 
diatom cells, HCl-Diatoms, Mag-Diatoms, and Fe3O4 NP 
suspensions were measured using a UV‒Vis‒NIR spectro‐
photometer (Fig. S4 in the supplementary information). The 
results revealed that Mag-Diatoms retained the characteris‐
tic absorption peak of diatom cells at 675 nm. EDS map‐
ping images (Fig. S5 in the supplementary information) fur‐
ther confirmed the presence of Mg in diatom cells, HCl-
Diatoms, and Mag-Diatoms. Given that Mg is a key ele‐
ment of chlorophyll, these results indicate that the prepared 
Mag-Diatoms preserved chlorophyll from the original dia‐
tom cells. Overall, the results indicated that Mag-Diatoms 
retained part of the chlorophyll content and exhibited fluo‐
rescent properties.

3.2　Locomotion of Mag-Diatoms

The locomotion performance of biohybrid microrobots is 
critical for their targeted delivery. The magnetic responsive‐
ness of Mag-Diatoms enables external control through the 
application of magnetic fields. Figure 3a presents a sche‐
matic diagram illustrating the movement of Mag-Diatoms 
in a rotating magnetic field, defined as

H (t )=H [cos (ωt ) ey− sin (ωt )ez ],

where ey and ez are unit vectors along the y-axis and z-axis, 
respectively, H denotes the magnetic field intensity, and ω 
represents the frequency. Given their cylindrical shape, 
Mag-Diatoms exhibit two distinct motion modes under an 
external magnetic field [63]. By varying the magnetic field 
frequency while maintaining constant intensity, their mo‐
tion can change from tumbling along the long axis to rolling 
along the short axis (Video S1 in the supplementary infor‐
mation). Superimposed images of these two motion modes 

are displayed in Fig. 3b. The velocity of Mag-Diatoms was 
further characterized at various magnetic field intensities 
and frequencies (Fig. 3c). Step-out frequency and maxi‐
mum velocity increased with greater magnetic field inten‐
sity. Under a constant magnetic field intensity, the velocity 
initially increased but subsequently decreased. At a mag‐
netic field intensity of 10 mT and frequency of 11 Hz, the 
Mag-Diatoms reached a maximum velocity of 71.24 µm/s. 
Overall, the prepared Mag-Diatoms exhibit efficient 
magnetic-field-driven locomotion, two distinct motion 
modes, and tunable velocities.

The closed-loop autonomous motion enhances the intelli‐
gence, stability, and flexibility of biohybrid microrobots for 
targeted delivery. In this study, Mag-Diatoms were con‐
trolled using a PID controller to follow preset trajectories in 
the shapes of a heart, a star, and a crescent moon (Video S2 
in the supplementary information). The rotating magnetic 
field was maintained at a strength of 10 mT. Figure 3d 
shows the intended and actual trajectories, where the white 
line represents the programmed path and the yellow line 
represents the actual trajectory of the Mag-Diatom. More‐
over, the real-time distance errors corresponding to these 
trajectories (Fig. S6 in the supplementary information) indi‐
cate high control accuracy, with root mean square errors of 
11.93, 10.22, and 9.89 pixels (0.37 µm per pixel), respec‐
tively. The two motion modes of Mag-Diatom—movement 
along the long axis and the short axis—determine that the 
minimum slit width they can pass through is constrained by 
the length of the short axis. To evaluate this capacity, slits 
of different widths were fabricated using two-photon 3D 
printing. By adjusting the magnetic field frequency while 
maintaining a constant field strength of 10 mT, Mag-
Diatoms autonomously passed through narrow channels 
along predetermined trajectories (Video S3 in the supple‐
mentary information). Figure 3e shows the overall move‐
ment process of the Mag-Diatom from the open area, 
through the slit, and back to the open area. The long axis of 
the controlled Mag-Diatom was 18.76 µm, the short axis 
was 12.22 µm, and it successfully traversed channels as nar‐
row as 18 µm in width. In open regions, Mag-Diatoms pre‐
dominantly moved along the short axis, which enabled 
faster locomotion and quicker arrival at target sites. When 
facing a narrow slit, they switched motion along the long 
axis, allowing them to pass more slowly but effectively 
through complex or confined environments. Upon re-
entering an open area, they reverted to short-axis motion to 
continue rapid travel toward subsequent targets.

Using an algorithm developed in a previous study [64], 
the autonomous cell-targeting ability of Mag-Diatoms was 
evaluated using U87 cells. The AM-YOLOv7 algorithm 
was applied to identify Mag-Diatoms and U87 cells, the A* 
algorithm was used to plan the trajectory, and the PID con‐
troller was used to track and guide the Mag-Diatoms from 
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their initial position to the target position where U87 was 
located (Video S4 in the supplementary information). The 
algorithm defined an allowable error radius of 70 pixels (ap‐
proximately 22.4 µm, with the center of the target cell as 
the reference point) for successful targeting. Considering 
that a U87 cell has an approximate length of 55 µm, reach‐
ing within this radius was regarded as successful comple‐
tion of the targeted delivery task. Figure 3f shows the trajec‐
tory of a Mag-Diatom reaching the target U87 cell. At this 
point, the strength of the rotating magnetic field was 5 mT, 
with a frequency of 2 Hz. The straight-line distance be‐
tween the Mag-Diatom and the U87 cell was 275.1 µm, and 
the Mag-Diatom required 40 s to reach the target. The suc‐
cess rate of the Mag-Diatom in targeting target cells was 
88.89%. Failure primarily occurred when Mag-Diatoms ad‐
hered to the substrate and were immobilized, or when mul‐
tiple Mag-Diatoms were simultaneously identified within 

the working area, preventing the algorithm from assigning 
the correct Mag-Diatom for control.

In summary, the PID controller enabled autonomous 
closed-loop motion control of the Mag-Diatoms, allowing 
them to autonomously change their motion modes to tra‐
verse narrow channels and thereby enhancing their environ‐
mental adaptability. Moreover, AI algorithms facilitated the 
detection of Mag-Diatoms and cells, autonomous trajectory 
planning, and targeted navigation of Mag-Diatoms along a 
predefined path to U87 cells.

3.3　PDT effect of Mag-Diatoms on U87 cells

To explore the PDT effect of chlorophyll in Mag-Diatoms 
on GBM, their in vitro cytotoxicity was first assessed using 
U87 cells. An overview of the experimental design is 
shown in Fig. 4a. Given that biocompatibility is essential 

Fig. 3  Locomotion of Mag-Diatoms. (a) Schematic illustration of Mag-Diatom rolling and tumbling modes. (b) Overlay snapshots showing two 
distinct motion modes of Mag-Diatoms. (c) Movement velocity of Mag-Diatoms under different magnetic field frequencies and intensities. 
(d) Trajectory tracking of Mag-Diatoms, with the yellow line representing the actual trajectory and the white line representing the desired 
trajectory. (e) Time-lapse images of a Mag-Diatom passing through a slit autonomously; the green line shows the actual trajectory and the red 
line shows the desired trajectory. (f) Time-lapse images of a Mag-Diatom autonomously navigating to the location of U87 cells
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for biohybrid microrobots intended for targeted delivery, 
Mag-Diatoms were co-cultured with U87 cells and mouse 
hippocampal neuronal cells (HT22) for 24 or 48 h. The find‐
ings demonstrated that, within the tested concentration 
range (0–1.25×106 cells/mL), Mag-Diatoms caused almost 
no damage to U87 cells (Fig. 4b) or HT22 cells (Fig. S7 in 
the supplementary information). As a photosensitizer, chlo‐
rophyll can generate ROS under laser irradiation, thus 
achieving ROS-mediated PDT [59, 65–68] (Fig. 4c). To 
detect ROS generation, U87 cells co-cultured with Mag-
Diatoms were stained with 2′,7-dichlorodihydrofluorescein 

diacetate (DCFH-DA). As shown in Fig. 4d, no green 
fluorescence was observed in U87 cells without laser irra‐
diation, whereas green fluorescence was observed after la‐
ser irradiation, confirming the generation of ROS. More‐
over, the ROS generation in U87 cells was examined at dif‐
ferent light intensities (0, 14.1, 28.0, and 43.5 mW) (Fig. S8 
in the supplementary information). As the laser intensity in‐
creased, the green fluorescence intensity observed in U87 
cells also gradually increased. These results indicated that 
more and more ROS were produced, which proved that the 
chlorophyll in Mag-Diatoms had a good PDT effect. To 

Fig. 4  PDT effect of Mag-Diatoms on U87 cells. (a) Schematic illustration of the mechanism by which Mag-Diatoms act on tumor cells under 
laser irradiation. (b) Viability of U87 cells co-cultured with various concentrations of Mag-Diatoms for 24 or 48 h. (c) Schematic diagram 
showing chlorophyll-mediated ROS generation under laser irradiation for PDT. (d) Fluorescence images of U87 cells stained with DCFH-DA 
after different treatments. (e) Viability of U87 cells co-cultured with different concentrations of Mag-Diatoms and irradiated with or without a 
43.5-mW laser for 2 min. (f) Viability of U87 cells co-cultured with or without Mag-Diatoms after 2 min of exposure to different laser 
intensities. (g) Viability of U87 cells co-cultured with or without Mag-Diatoms and exposed to a 43.5-mW laser for different durations. (h) Live/
Dead fluorescence staining images of U87 cells after different treatments. Data in (b, e–g) are expressed as mean±standard deviation (n=3)
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further evaluate the PDT efficacy, U87 cell viability was as‐
sessed using a standard CCK-8 cell assay. First, the effect 
of Mag-Diatom concentration on U87 cell viability under la‐
ser irradiation was tested (Fig. 4e). The results revealed that 
U87 cell viability decreased in a concentration-dependent 
manner, indicating greater cytotoxicity at higher Mag-
Diatom concentrations. Moreover, exposure to varying light 
intensities (14.1, 28.0, and 43.5 mW) and irradiation times 
(2, 5, and 10 min) revealed that laser exposure alone caused 
minimal damage to U87 cells (Figs. 4f and 4g). However, 
the viability of U87 cells co-cultured with Mag-Diatom de‐
creased to varying degrees under irradiation with different 
light intensities and laser durations. With increasing laser du‐
ration and light intensity, the cytotoxicity of Mag-Diatoms to 
U87 cells gradually increased. When the Mag-Diatom con‐
centration was 1.2×105 cells/mL and irradiated with a 
43.5-mW laser for 10 min, cell viability decreased to 3.6%. 
To further confirm these findings, calcein acetoxymethyl 
ester (calcein-AM)/propidium iodide staining was per‐
formed. While propidium iodide can only enter dead cells 
and operate on the cell nucleus, emitting red fluorescence, 
calcein-AM can pass through living cell membranes and 
produce green fluorescence. As shown in Fig. 4h, the con‐
trol and Mag-Diatom groups emitted bright green fluores‐
cence, indicating that the U87 cells had good viability. Con‐
versely, the combination of Mag-Diatoms and laser light re‐
sulted in bright red fluorescence, indicating extensive cell 
death. These findings indicate that Mag-Diatom-mediated 
PDT has good cytotoxicity to U87 cells. This cytotoxic ef‐
fect is strongly dependent on Mag-Diatom concentration, 
light intensity, and laser duration.

3.4　PDT effect of Mag-Diatoms on primary 
cells

To further examine the utility of Mag-Diatoms in tumor 
therapy and provide a reliable guidance for the clinical treat‐
ment of GBM, GSC63 cells isolated during the neurosurgi‐
cal resection were used to evaluate the PDT effect of Mag-
Diatoms. Figure 5a presents the isolation protocol for 
GSC63 cells. The primary cells, which exhibited optimal ac‐
tivity, appeared spherical and were cultured in suspension 
in serum-free medium. Bright-field and pseudo-colored 
SEM images of GSC63 under various experimental settings 
are displayed in Figs. 5b and 5c, respectively. In the SEM 
pseudo-colored images, GSC63 cells are shown in purple, 
and the Mag-Diatoms are shown in orange. The results indi‐
cated that GSC63 cells maintained their spherical morphol‐
ogy after co-culturing with Mag-Diatoms, with no remark‐
able morphological changes. However, upon laser irradia‐
tion, GSC63 cells co-cultured with Mag-Diatoms lost their 
spherical shape and spread out, indicating cell death. These 
experimental results suggest that Mag-Diatoms have a PDT 

effect on GSC63 cells. Subsequently, similar to U87 cells, 
the relationship between the PDT effect of Mag-Diatoms on 
GSC63 cells and the concentration of Mag-Diatoms 
(Fig. 5d), light intensity (Fig. 5e), and laser duration 
(Fig. 5f) was explored. The results showed that Mag-
Diatoms exhibited minimal toxicity toward GSC63 cells in 
the absence of laser irradiation. Additionally, within the 
tested ranges of light intensities and irradiation durations, la‐
ser exposure alone did not affect GSC63 cell viability. How‐
ever, cell viability decreased remarkably when GSC63 cells 
were exposed to both Mag-Diatoms and laser irradiation. 
When the Mag-Diatom concentration was 1.0×105 cells/mL 
and cells were irradiated with a 43.5-mW laser for 10 min, 
viability decreased to 19.5%. Moreover, the cytotoxicity 
effect of Mag-Diatoms on GSC63 cells increased with higher 
concentrations of Mag-Diatoms, greater light intensities, 
and longer irradiation durations. In conclusion, the prepared 
Mag-Diatoms exhibited strong PDT effects on GSC63 cells.

3.5　PDT effect of Mag-Diatoms in vivo

To evaluate the inhibitory effect of Mag-Diatoms on GBM 
in vivo, we established a mouse GBM model induced using 
SB mGSCs. Mice bearing orthotopic gliomas were im‐
planted intracranially with Mag-Diatoms and treated with 
localized laser irradiation. Tumor progression was assessed 
by measuring fluorescence intensity through in vivo imag‐
ing, and body weight was recorded throughout the experi‐
ment (Fig. 6a).

Statistical analysis was performed using two-way analy‐
sis of variance (ANOVA) with Tukey’s multiple compari‐
son test. On Day 14, no significant differences in tumor 
fluorescence intensity were observed among the four 
groups. By Day 17, fluorescence intensity increased consid‐
erably in the Control, Laser, and Mag-Diatom groups, 
whereas the Mag-Diatom+Laser group exhibited a signifi‐
cant reduction (p<0.001). On Day 21, tumor fluorescence 
continued to rise in the Control, Laser, and Mag-Diatom 
groups, with no significant differences among them, while 
the Mag-Diatom+Laser group maintained a markedly lower 
signal (p<0.001) (Figs. 6b and 6c). These results demon‐
strate that neither laser irradiation alone nor Mag-Diatom 
alone inhibited tumor progression, but their combination re‐
markably suppressed GBM growth in vivo.

Body weight changes further supported these findings 
(Fig. 6d). From Day 14 to Day 22, progressive weight loss 
was observed in the Control, Laser, and Mag-Diatom 
groups, whereas mice in the Mag-Diatom+Laser group ex‐
hibited recovery, with statistically significant differences 
compared to the other groups.

On Day 22, the animals were euthanized, and their or‐
gans were collected for histological analysis. Hematoxylin 
and eosin (H&E) staining revealed no notable damage to 
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brain tissues or other major organs in any of the experimental 
groups compared with healthy controls (Fig. 6e). No evi‐
dence of hydropic degeneration or inflammatory infiltration 
was observed. Furthermore, immunohistochemical analysis 
of cluster of differentiation 68 (CD68) and tumor necrosis 
factor-alpha (TNF-α) expression across major organs showed 
no significant differences between the Control and Mag-
Diatom+Laser groups (Fig. S9 in the supplementary infor‐
mation), supporting the favorable biosafety profile of this 
treatment and the absence of systemic immune activation. 

These findings indicate that Mag-Diatoms and the laser do 
not adversely affect the health of the mice.

4　Conclusions

In this study, we developed a novel diatom-based magnetic 
biohybrid microrobot—termed Mag-Diatom—derived from 
T. weissflogii, offering a biocompatible and scalable strat‐
egy for PDT of GBM. Notably, Mag-Diatoms harness 
the intrinsic chlorophyll of diatom cells as endogenous 

Fig. 5  PDT effect of Mag-Diatoms on patient-derived primary cells. (a) Isolation protocol for glioma stem-like cells (GSC63): derived from 
surgically resected GBM tissue via enzymatic digestion, filtration, and serum-free culture. Bright-field images (b) and SEM pseudo-colored 
images (c) of GSC63 cells after different treatments. (d) GSC63 cell viability after co-culture with different concentrations of Mag-Diatoms and 
irradiation with or without the 43.5-mW laser for 5 min. (e) GSC63 cell viability after co-culture with or without the Mag-Diatoms after 5 min 
of exposure to different laser intensities. (f) GSC63 cell viability after co-culture with or without Mag-Diatoms after exposure to a 43.5-mW 
laser for different durations. Data in (d–f) are expressed as mean±standard deviation (n=3)
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photosensitizers, eliminating the need for exogenous drug 
loading and thereby reducing the risk of drug leakage dur‐
ing targeted delivery. The Mag-Diatoms exhibited strong 

magnetic responsiveness and programmable motility, 
achieving a maximum velocity of 71.24 µm/s under a rotat‐
ing magnetic field. Using PID-based control algorithms, 

Fig. 6  PDT effect of Mag-Diatoms in mouse models in vivo. (a) Flowchart illustrating the construction of the GBM mouse model and 
subsequent treatment protocol. (b, c) In vivo imaging on Days 14, 17, and 21 showing tumor luminescence intensity. Treatment groups: Control 
(no treatment), Laser (localized red laser irradiation), Mag-Diatom (intracranial injection of 1 µL Mag-Diatoms containing 25 000 units), and 
Mag-Diatom+Laser (intracranial injection of 1 µL Mag-Diatoms followed by localized red laser irradiation). (d) Body weights of mice 
subjected to various treatments from Days 1 to 22. (e) H&E staining of major organs harvested from treated mice. Data in (b–d) are expressed 
as mean±standard deviation (n=3). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; ns: not significant
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microrobots were capable of autonomous closed-loop trajec‐
tory tracking and successfully navigated through confined 
microenvironments by adaptively switching between dual 
motion modes. Furthermore, Mag-Diatoms exhibited pre‐
cise targeting capabilities toward U87 cells under AI-guided 
navigation, laying a foundation for intelligent delivery sys‐
tems. The PDT performance of Mag-Diatoms was compre‐
hensively validated both in vitro and in vivo. Co-culture ex‐
periments with U87 GBM cell lines and patient-derived 
GSC63 confirmed that laser-activated Mag-Diatoms in‐
duced marked cytotoxicity, with therapeutic efficacy 
strongly dependent on laser intensity, irradiation duration, 
and microrobot concentration. Notably, following Mag-
Diatom-mediated PDT, the viability of GSC63 dropped to 
19.5%, compared with 3.6% observed in U87 cell lines. In a 
mouse glioma model, Mag-Diatom-mediated PDT remark‐
ably suppressed tumor progression without inducing sys‐
temic toxicity or organ damage. Overall, Mag-Diatoms capi‐
talize on the unique structural and biochemical properties of 
natural diatoms while integrating magnetic actuation and in‐
telligent control. This platform represents a promising step 
forward in the development of minimally invasive, drug-
free, and programmable microrobot systems for targeted 
cancer therapy, particularly for the treatment of GBM.

However, many challenges remain in bringing the results 
of this study into clinical application. First, the attenuation 
of magnetic fields by the skull may remarkably reduce navi‐
gation efficiency, thereby imposing higher requirements on 
both the magnetic control system and the locomotion perfor‐
mance of microrobots. Moreover, in vivo imaging of Mag-
Diatoms needs to be further developed and optimized to im‐
prove the precision of targeted delivery. Currently, our re‐
search team is establishing large-animal glioma models to 
systematically evaluate their practical performance in clini‐
cally relevant scenarios, with a focus on overcoming key 
technical bottlenecks such as magnetic field penetration and 
real-time imaging navigation. Second, the limited penetra‐
tion depth of light remains a critical issue for intracranial 
PDT, highlighting the need to optimize intracranial light de‐
livery strategies and expand the therapeutic window of pho‐
tosensitizers. Finally, the biodegradation and retrieval of 
Mag-Diatoms in vivo also require careful consideration, 
which may be addressed by designing degradable structures 
or combining cross-scale catheter-based delivery with sub‐
sequent retrieval strategies.

At the same time, to further improve the treatment effi‐
cacy of glioma and promote clinical translation, this re‐
search protocol can be combined with existing surgical 
methods or techniques. For example, coupling the Mag-
Diatoms system with the Ommaya reservoir could enable 
repeated local intracranial administration via an implanted 
catheter. The incorporation of a rotating magnetic field 
generator and imaging modalities, such as ultrasound or 

fluorescence, into intraoperative navigation systems would 
improve microrobot positioning accuracy and mobility 
within the tumor microenvironment, thereby enhancing tar‐
geting efficiency. In terms of therapeutic strategies, multi‐
modal synergy could be achieved: intraoperative magneti‐
cally guided PDT may eliminate residual tumor cells, fol‐
lowed by adjuvant temozolomide chemotherapy or radio‐
therapy to strengthen treatment outcomes. Furthermore, bio‐
compatible diatom frustules can serve as drug carriers, en‐
abling combined delivery of photosensitizers and chemo‐
therapeutics. The Mag-Diatom delivery system, when com‐
bined with current glioma surgical platforms, holds much 
potential to enhance the targeted delivery potential of Mag-
Diatoms and provide a novel technological paradigm for 
precise and scalable glioma treatment.
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