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Bioinspired microrobots capable of actively moving in biological fluids have attracted 

considerable attention for biomedical applications because of their unique dynamic features that 

are otherwise difficult to achieve by their static counterparts. This thesis is dedicated to extending 

the current microrobotics by utilizing natural cells as the basic elements to design biohybrid 

microrobots and apply them in diverse biomedical and environmental applications. The first 

section demonstrates the feasibility to combine natural cell-based materials (e.g. microalgae and 

blood cell) with synthetic components to fabricate biohybrid microrobots towards versatile 

applications. The second section focuses on design and fabrication of different types of 

microalgae-based biohybrid microrobots with efficient autonomous motion, effective cargo 

loading, long lifespan, adaptable utilization and biological function towards operation in different 

body locations, such as lung, small intestine and stomach. It further explores the possibility of 

functional algae-based microrobots to perform versatile tasks including pulmonary infection 

treatment, targeted GI delivery and virus detoxification. The third section explores the use of blood 

cell as the main composition to establish biohybrid microrobots. By replicating and inheriting the 

intrinsic biological functions of the cells, the new cell-based microrobots can be applied to 

neutralize lipopolysaccharide, deliver antibacterial and anticancer drugs, transport oxygen to treat 

hypoxia. The biohybrid microrobot platform described in this thesis creates new opportunities in 

the development of autonomous drug delivery vehicles for treating many diseases.
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Chapter 1. Introduction 

1.1 Opportunities for small scale robotics 

Robots have been a transformative force to society by enhancing our capabilities beyond 

biological limitations and by providing a better life quality for the world population.1−3 For 

example, the Da Vinci surgical system operates inside patients with more precision than a freehand 

physician.4 Moreover, robots are fundamental to the exploration of extreme environments such as 

the current NASA Rover.5 While certain technological advances in materials development have 

resulted in lightweight yet strong macroscale structures with superior performance, the majority 

of improvement has been on the software side. On the hardware side, current robotic designs 

consist of an assembly of discrete mechanical and electronic components with individually 

prescribed functionalities. Such macroscale robots mainly rely on operator inputs or artificial 

intelligence software to adapt to their ever-changing environmental conditions. Nature, on the 

other hand, programs adaptability and multifunctionality directly in the constituent materials. For 

example, microorganisms contain the necessary tools to adapt to and function in dynamically 

varying environments and replicate and synthesize an assembly of molecules and cells.6−8 Inspired 

by microorganisms, we can learn from nature how to develop cell-sized robots furnished with their 

own propulsion, intelligence, programmability, and adaptability to the environment. 

Tremendous progress in developing synthetic micromotors based on different propulsion 

mechanisms and designs has been achieved in the last decade.9-12 Powered by local fuels or 

external forces, artificial micromotors have been shown to navigate in biological fluids while 

performing diverse tasks connected to critical biomedical applications ranging from targeted drug 

delivery to precision surgery. This impressive progress has placed synthetic micromotors at the 
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forefront of biomedical research.13,14 While several initial successful in vivo animal tests have been 

reported,15-17 key challenges need to be addressed before micromotors can be safely and efficiently 

applied in living systems and translated to practical applications. The performance and 

effectiveness of these micromotors rely largely on synthetic materials, which are susceptible to 

immune response and biofouling process in complex biological systems. Practical in vivo 

applications of synthetic micromotors thus require biocompatible and biomimetic designs, capable 

of prolonged and efficient operation in the physiological environment without producing any 

unintended harmful consequences. 

1.2 Microalgae-based biohybrid microrobots 

Despite the distinct advantages of synthetic micromotors, key challenges, such as 

improvement of the propulsion in complex biofluid, collective actuation for targeted drug delivery, 

and realization of fuel-free movement, need to be addressed further towards their practical in vivo 

operations. Nature has provided us with many examples of realizing collective motion behavior. 

For example, living microorganisms can efficiently propel in biofluid and complete versatile tasks 

in a collective mode. Learning from nature, biohybrid micromotors—coupling natural 

microorganisms (e.g., sperm, bacteria, and microalgae) with artificial substrates—were fabricated 

in recent years to produce biofunctional devices with new and improved capabilities.18-22 Among 

them, magnetic field-driven sperm can be controlled to swim toward an egg for assisted 

fertilization.18 Magneto-aerotactic bacteria carrying drug-loaded liposomes has been delivered to 

tumor hypoxic regions.20 Phototactic algae were steered under visible light to collectively self-

propel for on-demand cargo delivery.22 Looking forward, the integration of multifunctionality, 

versatility, and adaptivity of cell membranes with the smart behavior of natural micromotors and 
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the efficient propulsion of synthetic micromotors, will create powerful biohybrid systems with 

expanded capabilities towards diverse in-vitro and in-vivo operations. Such developments of 

biomimetic micromotors require close collaborative efforts among researchers from different 

disciplines. The new capabilities of cell membrane-functionalized micromotors are expected to 

advance the fields of micromotors and nanomedicine. 

Algae are a diverse group of photosynthetic organisms that live primarily in freshwater and 

marine environments. They are high in photosynthetic pigments like chlorophyll, which can trap 

light energy from the sun, convert it to chemical energy, and store it as photosynthesis products. 

These organisms are thought to be among the fastest-growing creatures due to their highly efficient 

photosynthesis. As a result, algae are abundant in nature and are regarded as a significant source 

of free oxygen in the atmosphere. Microalgae are currently gaining popularity due to their 

extensive application potential in the renewable energy, food production, and healthcare industries. 

Microalgae's distinct morphological characteristics and easily functionalized surfaces enable the 

attachment of diagnostic or therapeutic agents to their surfaces, making them promising candidates 

for the development of novel biochemical probes, drug carriers, or biomedical scaffolds. 

In the Chapter 2, a thorough discussion of algae-based biohybrid microrobots, ranging from 

design, fabrication, and applications, will be presented. To achieve the goal, we take a critical look 

at the existing algae-based technology and highlight the foundation of algae-based biohybrid 

microrobots from three aspects: inherent properties of microalgae, functionalization of microalgae 

to form biohybrid systems, and versatile applications using as-fabricated biohybrid microrobots 

(Fig. 1.1). First, we explain the locomotion modalities of the algae in order to provide an 

understanding of motility and actuation in the microscopic world. Next, we critically review the 
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desired properties of the artificial constructs and the approaches used to integrate them into the 

microorganisms. Finally, we describe the important biohybrid microrobot designs used in 

biomedical and environmental applications and discuss key challenges for improving the concept 

of biohybrid microrobots. 

 

Figure 1.1 Fundamental of microalgae-based micromotors.  
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1.3 Blood cell-based biohybrid microrobots 

Combining the advantages of the dynamic movement of synthetic motors with the 

versatility and unique biological functions of natural cells leads to cell-like micromotors that 

enable new opportunities for overcoming many obstacles that synthetic motors currently face in 

numerous biomedical operations.17 By taking inspiration from nature, essential biological 

functions of natural blood cells, such as immune stealth, faithful antigen presentation, cell- or 

tissue-specific targeting, and selective binding with bacterial toxins or pathogens, can thus be 

harnessed and imparted to mobile synthetic microsystems. Cell membrane coating also represents 

a powerful top-down approach for replicating complex protein profiles and biological functions of 

host cell membrane that are otherwise impractical to achieve with bottom-up synthetic approaches. 

The cell membrane-synthetic motor coupling results in novel active biocompatible devices, 

offering synergistic functionalities and new capabilities for a broad range of applications. In 

particular, recent attention has been given to cell membrane-functionalized micromotors. 

In this Chapter 3, the preparation, unique capabilities, and advantages of biomimetic 

micromotors will be discussed by leveraging the attractive properties of whole cell and cell 

membrane-derived biomaterials and dynamic synthetic micromotors. Cellular membranes play 

crucial roles in the interface of cells with their complex surrounding biological environment.23 The 

use of natural cell membranes to functionalize micromotors has been shown recently to address 

major barriers (e.g., biofouling) that hinder in vivo operations of synthetic motors while rendering 

them with a wide range of new properties and unique capabilities that greatly enhance their 

performance in biological systems. For instance, the cell membrane-functionalized micromotors 

can achieve prolonged propulsion in complex biofluids and efficient neutralization of harmful 
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agents through the cell membrane receptors. This new class of biomimetic microscale motors thus 

combines the merits of synthetic motors with those of natural cell membranes. The diversity of 

different types of cell membranes and their associated biological functionalities enables the 

development of numerous biomimetic micromotor platforms with broad applicability. The 

judicious coupling of these different types of cell membranes with various types of synthetic 

micromotors has shown robust utility, including active and targeted drug delivery, 

biodetoxification, immune modulation, and photothermal therapy (Fig. 1.2). As a result, the cell 

membrane functionalization bestows artificial motors with superb biocompatibility that enables 

the advancement of micromotor research from laboratory test-tubes to whole living systems. These 

developments, unique capabilities, and representative applications of cell membrane-

functionalized micromotors are reviewed in the following sections, along with the discussion on 

prospects and new opportunities. 
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Figure 1.2 Cell membrane-functionalized micromotors for biomedical applications. Schematic 

illustration of a wide range of synthetic micromotors based on different propulsion mechanisms 

(inner) that are functionalized with various types of cell membranes (middle) for a variety of 

biomedical applications, including drug delivery, detoxification, immune modulation, and 

phototherapy (outer). 

 

 

Chapter 1.1 is based, in part, on the material as it appears in Chemical Reviews, 2021, by 

Fernando Soto, Emil Karshalev, Fangyu Zhang, Berta Esteban Fernandez de Avila, Amir 

Nourhani, and Joseph Wang. The dissertation author was the primary investigator and author of 

this paper. 
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Chapter 1.3 is based, in part, on the material as it appears in Advanced Materials, 2021, by 

Fangyu Zhang, Rodolfo Mundaca-Uribe, Nelly Askarinam, Zhengxing Li, Weiwei Gao, 

Liangfang Zhang, Joseph Wang. The dissertation author was the primary investigator and author 

of this paper. 
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Chapter 2. Microalgae-based Biohybrid Microrobots 

2.1 Microalgae microrobots for drug delivery to infected lung 

2.1.1 Introduction 

The potential of micro-/nanorobots for biomedical applications has been extensively 

explored over the last decade1–3. Although early microrobot designs, consisting primarily of rigid 

metallic or polymeric structures, allowed for various in vitro applications, novel platforms based 

on biocompatible and deformable materials have offered some unique advantages towards in vivo 

operations, including improved drug delivery, deep-tissue imaging and precision microsurgery4–6. 

The in vivo application of these microrobots has typically been restricted due to limitations in the 

availability of natural fuels, accessibility to certain organs and tissues, and potential toxicity. 

Biodegradable zinc- and magnesium-based microrobots have been used for drug delivery in the 

gastrointestinal tract7,8. Magnetically powered microrobots have demonstrated deep penetration in 

the vitreous humour6 and actuation in the peritoneal cavity9,10. Achieving active propulsion in 

other body locations is difficult, but if successful, would offer unprecedented benefits for the 

treatment of important diseases. 

Here we report a bioinspired microrobot platform consisting of nanoparticle (NP)-modified 

algae for active therapeutic delivery to treat lung disease. Biohybrid microrobots, which combine 

the motility of natural organisms with the multifunctionality of synthetic components, have 

recently been studied as an alternative to purely synthetic microrobots11,12. For instance, 

Magnetococcus marinus, which swims along local magnetic fields and towards low oxygen 

concentrations, were used for transporting drugs into hypoxic tumor regions13. The natural 
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movement of sperm has been leveraged to construct hybrid microrobots with distinct advantages 

towards assisted fertilization14. In our design, we create a biohybrid microrobot consisting of 

Chlamydomonas reinhardtii microalgae modified with neutrophil membrane-coated and drug-

loaded polymeric nanoparticles (denoted as ‘algae-NP-robot’) for the in vivo treatment of lung 

infection (Fig. 2.1a). C. reinhardtii-based microswimmers have been recently used as the 

microcarriers of synthetic cargo, demonstrating efficient movement and biocompatibility15,16. 

They can be facilely cultured and offer self-propulsion based on flagella beating (≥110 μm s−1), 

intrinsic autofluorescence, phototactic guidance and a long lifespan17. Neutrophil membrane-

coated NPs are used because of their unique cell-mimicking properties, including shielding 

payloads from biological environments, reducing immune clearance and enabling specific binding 

with target pathogens18. The unique properties of natural algae are combined with the engineering 

versatility of biomimetic NPs to yield a hybrid microrobot platform capable of active drug delivery. 

Among the numerous applicable conditions, we choose to first test the algae-NP-robot for in vivo 

antibiotic delivery to treat bacterial lung infections. Specifically, ventilator-associated pneumonia 

(VAP) is an acute and potentially fatal infection characterized by onset 48 h after the initiation of 

mechanical ventilation in intensive care unit (ICU) settings19. VAP represents one of the most 

common infections among hospital patients, affecting between 10% and 25% of those who are 

intubated20, resulting in considerable mortality, prolonged ICU stays and an increased number of 

days on ventilation21–23. Multidrug-resistant pathogens such as Pseudomonas aeruginosa are 

becoming increasingly prevalent as antibiotics continue to be indiscriminately used and with 

waning effectiveness24. We hypothesized that pulmonary antibiotic delivery efficiency could 

benefit from the deep tissue penetration and prolonged drug retention enabled by the algae-NP-

robot system in an experimental model of VAP. 
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To transform microalgae into algae-NP-robot, we first modified the algal surface with 

azido N-hydroxysuccinimide (NHS) ester25,26, followed by conjugation with dibenzocyclooctyne 

(DBCO)-modified neutrophil membrane-coated polymeric NPs via click chemistry (Fig. 2.1b). 

This type of reaction has been used to modify cells for a number of applications27–29. The motion 

and cargo-carrying behavior of the resulting algae-NP-robot in simulated lung fluid (SLF), 

combined with their uniform distribution, effective inhibition of macrophage phagocytosis and 

prolonged retention in lung tissue, is verified and highlights the considerable promise of the 

platform for in vivo drug delivery. Additionally, the therapeutic efficacy and safety of the drug-

loaded algae-NP-robot are demonstrated using a murine model of P. aeruginosa lung infection. 

 

2.1.2 Preparation of algae-NP-robot 

C. reinhardtii algae were cultivated in a Tris-acetate-phosphate (TAP) medium. For further 

modification, the algae were conjugated with azido-PEG4-NHS ester, which reacts with primary 

amines on the algal surface. The algae functionalization was confirmed, and negligible cytotoxicity 

was observed. We then fabricated neutrophil membrane-coated poly(lactic-co-glycolic acid) 

(PLGA) NPs30 for use as a therapeutic payload. For visualization, the hydrophobic dyes 1,1’-

dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate (DiI) and 3,3’-

dioctadecyloxacarbocyanine perchlorate (DiO) were loaded into the PLGA cores and neutrophil 

membranes, respectively. The overlap of both fluorescence signals indicated the successful 

association of the two components (Fig. 2.1c). The NPs were further characterized by dynamic 

light scattering, transmission electron microscopy (TEM) and immunostaining, verifying their 

core–shell structure and right-side-out membrane orientation. The surface of the NPs was further 
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reacted with DBCO-PEG4-NHS ester, and successful modification was qualitatively confirmed 

by fluorescence microscopy using an azide-functionalized dye. Conjugation to the algal surface 

was achieved through click chemistry by incubating the azido-modified algae with DBCO-

modified NPs. Scanning electron microscopy (SEM) imaging confirmed the formation of NP-

modified algae (Fig. 2.1d). By optimizing the NP input concentration, 91.2% of the algae 

population could be conjugated with NPs (Fig. 2.1e). Fluorescence microscopy was used to 

confirm that the NPs were firmly attached to the algal surface after multiple washing steps (Fig. 

2.1f,g). 
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Figure 2.1 Preparation and structural characterization of the algae–nanoparticle hybrid microrobot 

(denoted as ‘algae-NP-robot’). a, Schematic depicting the use of algae-NP-robot for the treatment 

of a bacterial lung infection. C. reinhardtii algae is modified with drug-loaded NPs and then 

administered in vivo for the treatment of P. aeruginosa lung infection. The NP consists of a 

neutrophil membrane-coated PLGA core. b, Schematic of the functionalization of C. reinhardtii 

with drug-loaded NP using click chemistry. c, Bright-field (BF) and fluorescent images of the NP, 

in which the PLGA cores are labelled with DiO (green colour) and the neutrophil membranes are 

labelled with DiI (red colour). Scale bar, 1 μm. d, Pseudo-coloured SEM images of an unmodified 

algae (left) and an algae-NP-robot (right). Scale bar, 2 μm. e, Flow cytometry analysis of algae 

before (left) and after (right) functionalization with DiO-labelled NPs. f, BF and fluorescent 

images of algae-NP-robot. Autofluorescence of natural algae chloroplast in the Cy5 channel; DiO-

labelled PLGA cores in the GFP channel; DiI-labelled cell membranes in the RFP channel. Scale 

bar, 20 μm. g, Merged images from f. Cy5 and GFP channels (left); GFP and RFP channels 

(centre); all the three channels (right). Scale bar, 20 μm. In c, f and g, independent experiments 

were performed (n = 3) with similar results. 
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2.1.3 Motion behaviour of algae-NP-robot 

The speed of algae-NP-robot (104.6 ± 11.2 μm s−1) was similar to that of bare algae (115.5 

± 11.8 μm s−1) in TAP medium at 22 °C, suggesting that NP coupling had a negligible effect on 

algal motility. As we sought to leverage algae-NP-robot for deep lung delivery, propulsion 

characteristics in SLF31 were first evaluated. The motion behaviour of bare algae at room 

temperature (RT, 22 °C) and at body temperature (BT, 37 °C) in SLF was compared (Fig. 2.2a–c). 

The bare algae maintained a steady speed of ~115 μm s−1 (11.5 body lengths per second) over 1 h 

at RT but displayed a gradual decrease in speed from ~101 to ~55 μm s−1 at BT, indicating that 

higher temperatures could impact algal motion32. The growth rate of bare algae was monitored at 

both temperatures, and an inhibition of growth was observed at BT33. Algae-NP-robot 

demonstrated similar trends in their motion (Fig. 2.2d–f). To mimic the elevated BT of patients 

with VAP, an additional test was carried out at 40 °C, and no significant differences were observed 

compared with algae-NP-robot at BT. Figure 2.2g–l shows the representative tracking trajectories 

of individual algae-NP-robot over 0, 1 and 2 s intervals and the corresponding mean speed 

distribution in SLF at different operation times at BT. It is important to note that 95% of the algae 

remained viable after 1 h of motion in SLF, reflecting the good adaptivity of algae under these 

conditions. At longer timepoints of 12 and 24 h, approximately 85% and 60% of the algae-NP-

robot, respectively, remained motile when exposed to SLF in the dark at BT; this percentage 

further decreased to less than 20% after 48 h of exposure. Algae-NP-robot did not exert 

cytotoxicity when incubated with different cell types, and their capacity for phototaxis was 

unaffected. Overall, these results demonstrate that modification with NPs has a negligible effect 

on the intrinsic motion behaviour of algae, allowing algae-NP-robot to be employed as an active 

delivery platform in physiological conditions. 
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Figure 2.2 Motion behaviour of algae-NP-robot. a–f, Comparison of the speed of bare algae (a 

and b) and algae-NP-robot (d and e) in simulated lung fluid (SLF) at room temperature (22 °C), 

body temperature (37 °C) and elevated body temperature (40 °C) (blue, red and green bars, 

respectively) (n = 6; mean ± standard deviation (s.d.)). Optical tracking trajectories of the motion 

of bare algae (c) and algae-NP-robot (f) in SLF at 37 °C over 1 s (obtained at 0, 15 and 60 min: 

red, yellow and orange, respectively). g–l, Representative trajectories (g, i and k) corresponding 

to 0, 1 and 2 s, respectively, and mean speed distribution (h, j and l) of algae-NP-robot in SLF at 

37 °C after 0 min (g and h), 15 min (i and j) and 60 min (k and l). Scale bar, 50 μm. 
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2.1.4 In vivo distribution, retention and clearance in the lungs 

The lung distribution of algae-NP-robot was examined after intratracheal administration34. 

Leveraging autofluorescence from the algae’s chloroplasts, the distribution was visualized by ex 

vivo fluorescence imaging of the excised lungs at various timepoints (Fig. 2.3a). Fluorescence 

from the algae-NP-robot permeated throughout the lung tissue within 1 h, and the strong signal 

was retained for at least 24 h. In contrast, NP-modified deflagellated algae (denoted as ‘static 

algae-NP’), incapable of moving, were characterized by SEM and used as a control. The signal of 

static algae-NP sharply decreased within 4 h and nearly disappeared after 12 h, highlighting the 

role of active motion in promoting robust lung distribution and retention. To quantitatively 

compare algal retention, we homogenized the lungs and measured the fluorescence intensity. The 

total fluorescence of the algae-NP-robot slowly decreased over the course of 72 h and was 

significantly higher than that of the static algae-NP up to 48 h. After 72 h, the fluorescence intensity 

returned to near the baseline for both groups. The normalized fluorescence data further verified 

the slower clearance of algae-NP-robot, as 86% and 65% of the original signal were present at 4 

and 24 h, respectively (Fig. 2.3b). In comparison, static algae-NP exhibited greatly reduced signals, 

with 24% and 8% remaining at 4 and 12 h, respectively. Overall, these data indicate that the motion 

behaviour of algae-NP-robot greatly improved their lung retention. 

To better understand the greatly reduced clearance of algae-NP-robot compared with static 

algae-NP, we sought to elucidate the potential role of macrophages, an abundant cell population 

in the lung alveoli capable of clearing exogenous species by phagocytosis35. Algae-NP-robot and 

static algae-NP were mixed with murine J774 macrophages at a 1:1 ratio and incubated at 37 °C 

in the dark. Figure 2.3c displays the different stages of the algae-NP-robot phagocytosis by 
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macrophages. Algae-NP-robot showed strong autofluorescence from the algae before binding and 

on contacting the macrophage (0 min). After being taken up by the macrophages via phagocytosis, 

the algae-NP-robot was gradually degraded, as indicated by a progressive decrease in 

autofluorescence (15–75 min). By counting the numbers of unbound algae-NP-robot and 

macrophages at different timepoints, the uptake of algae-NP-robot over time was quantified. As 

shown in Fig. 2.3d, static algae-NP were internalized significantly faster than their active 

counterparts, indicating that active motion facilitates escape from macrophage uptake. A cryo-

treated algae-NP-robot, incapable of moving, was also taken up faster by macrophages compared 

with algae-NP-robot, confirming that the physical presence of flagella is not a major factor in the 

inhibition of phagocytosis. Quantification of the total fluorescence intensity showed that the signal 

of the algae-NP-robot was consistently higher than that of the static control during 72 h of 

incubation. Compared with the uptake profiles (Fig. 2.3d), the relative fluorescence profiles of the 

algae were reversed (Fig. 2.3e). It should be noted that the optical absorbance and fluorescence of 

the algae-NP-robot without the macrophages was constant, further supporting that macrophage 

phagocytosis was an important reason for the observed lung-clearance kinetics. 

To better understand the clearance mechanism in vivo, flow cytometry analysis of the 

macrophage uptake was performed at different timepoints after intratracheal administration in 

mice (Fig. 2.3f,g). A minimal uptake of algae-NP-robot by alveolar macrophages was observed 

within the first 12 h, and a large increase of uptake was observed at 48 h. In comparison, 

approximately 20% of the macrophages were positive for static algae-NP uptake after only 1 h, 

with the uptake peaking at 4 h post-administration before decreasing at later timepoints. The 

decreased signal is attributed to the degradation of algae after uptake, which destroys their 

autofluorescence (Fig. 2.3c). These results indicate that alveolar macrophage uptake is a major 
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clearance mechanism for algae in the lungs. The delayed in vivo uptake of the algae-NP-robot by 

alveolar macrophages corroborates the in vitro findings and could explain the enhanced lung 

retention that was observed. 

 

Figure 2.3 Lung distribution of algae-NP-robot. a, Ex vivo fluorescent imaging of lungs at various 

timepoints after intratracheal administration with TAP medium, algae-NP-robot or static algae-NP 

(negative control) (H, high signal; L, low signal). b, Normalized intensity per gram of tissue of 

lung samples collected in a (n = 3; mean + s.d.). c, BF and fluorescence microscopy images of 

representative algae-NP-robot incubated with macrophages at various stages of their interaction. 

Scale bar, 10 µm. Independent experiments (n = 3) were performed with similar results. d, 

Macrophage phagocytosis of static algae-NP or algae-NP-robot over time (n = 3; mean + s.d.). e, 

Relative fluorescence intensity of algae-NP-robot or static algae-NP over time after incubation 

with macrophage cells in vitro (n = 3; mean + s.d.). f, Representative flow cytometry dot plots of 

algae-NP-robot (left) and static algae-NP (right) uptake by alveolar macrophages (CD11c+ Siglec-

F+) at various timepoints after intratracheal administration in vivo. g, Comparison of algae-NP-

robot and static algae-NP uptake in alveolar macrophages at various timepoints after intratracheal 

administration in vivo (n = 3; mean + s.d.). 
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2.1.5 Drug loading and in vivo antibacterial efficacy 

Based on the uniform lung distribution and prolonged retention, we postulated that algae-

NP-robot may serve as an effective drug carrier for treating infection in the lower respiratory tract. 

In the study, ciprofloxacin (Cip), a common antibiotic drug used in combinational regimens against 

susceptible strains of P. aeruginosa, was encapsulated into NP (denoted as ‘NP(Cip)’). The drug 

loading was optimized to meet the therapeutic threshold for P. aeruginosa36. The same method as 

before was used to fabricate algae conjugated with the drug-loaded NPs (denoted as ‘algae-

NP(Cip)-robot’). We then evaluated the Cip loading yield onto the algae (Fig. 2.4a). Using a 

constant drug input, the total amount of Cip loaded increased linearly with algae number up to 

approximately 4 × 107 algae and then slowly saturated. The formulation consisting of 6 μg Cip 

loaded onto 4 × 107 algae was thus selected for subsequent in vitro and in vivo studies. Similar to 

NP(Cip), algae-NP(Cip)-robot demonstrated an initial burst release of drug over the initial 20 h, 

followed by a slow release up to 96% by 72 h (Fig. 2.4b). The minimal inhibitory concentration 

against P. aeruginosa was then evaluated. Bacterial growth was inhibited at a Cip concentration of 

62.5 ng ml−1 for all the groups (Fig. 2.4c), consistent with what has been previously reported37. 

Figure 2.4d shows the enumerated bacterial colony-forming units (CFU) after treatment with 

algae-NP(Cip)-robot and with other controls, enabling us to establish the minimal bactericidal 

concentration. Algae-NP(Cip)-robot had a comparable inhibitory efficacy to free Cip, and the 

minimal bactericidal concentration of both was determined to be 125 ng ml−1. Bare algae and NPs 

had negligible effects on the bacteria, supporting the fact that the inhibitory efficacy of algae-

NP(Cip)-robot was solely due to the loaded Cip. An in vitro study was also performed to confirm 

that the algae-NP-robot is able to bind to P. aeruginosa. After 24 h of incubation, a signal from the 

Hoechst 33342-stained DNA of the bacteria co-localized with that of the DiI-labelled NPs, 
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demonstrating effective binding between the two. The binding efficiency was further quantified 

by the enumeration of unbound bacteria, revealing that 95% of the initial bacterial input was bound 

to algae-NP-robot. Such binding is thought to be mediated by protein receptors present on the 

surface of the NPs38. To further verify the unique binding properties of the NPs, PLGA NP cores 

without membrane coating and liposomes were used, and neither control bound effectively to the 

bacteria. 

Next, we examined the ability of algae-NP(Cip)-robot to treat acute lung infection in vivo. 

P. aeruginosa was first inoculated to characterize the bacterial dispersion within the lungs. The 

data demonstrated that the bacteria disseminated throughout the entirety of the lungs within 1 h 

after intratracheal inoculation, suggesting that algae-NP-robot could be used to efficiently treat 

conditions like VAP. To investigate the antibacterial efficacy against P. aeruginosa pneumonia, 

algae-NP(Cip)-robot or control samples were intratracheally administered 30 min after bacterial 

inoculation. An antibiotic dose of 500 ng Cip was administered per mouse. The lungs were then 

collected, followed by homogenization for bacterial enumeration 24 h after administration. As 

illustrated in Fig. 2.4e, the bacterial burden after the algae-NP(Cip)-robot treatment was quantified 

as 2.6 × 104 CFU g−1, representing a three orders of magnitude reduction compared with the 

negative control (2.6 × 107 CFU g−1), and a significant reduction compared with static algae-

NP(Cip) (6.5 × 105 CFU g−1) and NP(Cip) (3.8 × 105 CFU g−1). A survival study was conducted 

using the same experimental setup (Fig. 2.4f). The algae-NP(Cip)-robot treatment of infected mice 

resulted in 100% survival over the entire duration of the 14-day study (P < 0.0001, n = 12). In stark 

contrast, all the untreated mice died within three days. The survival rates of mice treated with 

NP(Cip) or static algae-NP(Cip) were 25.0% and 16.7%, respectively. We concluded that the 

prolonged lung retention and sustained release characteristics of algae-NP(Cip)-robot enabled the 
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significant improvement in survival compared with the control groups. Subsequently, we 

compared the efficacy of algae-NP(Cip)-robot with the conventional treatment of intravenous (IV) 

Cip. The algae-NP(Cip)-robot treatment significantly outperformed IV Cip at the same drug 

dosage (500 ng per mouse) and achieved similar efficacy compared with IV Cip at a more clinically 

relevant dosage (1.644 mg per mouse). Additional experiments were performed to quantify the 

lung bacterial burden at later timepoints following algae-NP(Cip)-robot treatment, revealing a 

progressive decrease over time and complete clearance after one week (Fig. 2.4g). To verify the 

effectiveness of algae-NP(Cip)-robot with delayed treatment, we performed an additional study in 

which mice were treated at progressively longer intervals after a lethal P. aeruginosa challenge 

(Fig. 2.4h,i). Although the therapeutic efficacy decreased as the treatment interval increased, a 

significant reduction was still observed even with a 6 h delay. 
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Figure 2.4 In vivo therapeutic efficacy of algae-NP-robot.a, Quantification of Cip loading on 

different numbers of algae (n = 6; mean + s.d.). b, Cumulative drug release profile of NP(Cip) and 

algae-NP(Cip)-robot (n = 3; mean + s.d.). c, Optical density at 600 nm (OD600) measurements of 

P. aeruginosa treated with the control TAP medium, free Cip, NP(Cip), static algae-NP(Cip) and 

algae-NP(Cip)-robot (n = 3; mean + s.d.). d, In vitro antibacterial activity of free Cip, NP(Cip), 

static algae-NP(Cip) and algae-NP(Cip)-robot against P. aeruginosa (n = 3; geometric mean + s.d.). 

e,f, In vivo antibacterial efficacy of the control TAP medium, NP(Cip), static algae-NP(Cip) and 

algae-NP(Cip)-robot with a dosage of 500 ng by intratracheal (IT) administration and free Cip with 

the same dosage of 500 ng as used in intratracheal administration and a clinical dosage of 1.64 mg 

by IV administration in P. aeruginosa-infected mice, as determined by bacterial enumeration 

(n = 6; geometric mean + s.d.) (e) and survival (n = 12 per group) (f) studies. g, Quantification of 

bacterial load in the lungs at 24, 48, 72 and 168 h after the algae-NP(Cip)-robot treatment (n = 6; 

geometric mean + s.d.). UD, undetectable. h,i, Experimental timeline (h) and data (i) for the 

enumeration of bacterial load in the lungs of mice treated with algae-NP(Cip)-robot at different 

times after challenge with P. aeruginosa (n = 6; geometric mean + s.d.). One-way analysis of 

variance for e, g and i and log-rank (Mantel–Cox) test for f. 
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2.1.6 Biosafety evaluation 

Last, to verify the biosafety of algae-NP(Cip)-robot, a comprehensive analysis of blood 

chemistry and major blood cell populations was conducted 24, 72 and 168 h after administration 

into the lungs (Fig. 2.5a,b). Compared with mice administered only with the TAP medium, little 

difference was observed for all the blood parameters. The heart, liver, spleen, lungs and kidneys 

were also processed by haematoxylin and eosin staining (Fig. 2.5c–e). The overall structural 

integrity of all the tissues was nearly identical to those from mice administered with the TAP 

medium, demonstrating no signs of acute toxicity and further supporting the safety of algae-

NP(Cip)-robot. 

To further evaluate for potential inflammatory responses in the lungs, different cytokines 

(tumour necrosis factor alpha (TNF-α), interleukin (IL)-1β and IL-6) were analysed 24, 72 and 

168 h after the intratracheal administration of algae-NP(Cip)-robot into the lungs. No significant 

difference in cytokine levels was observed for the algae-NP(Cip)-robot treatment compared with 

the control group (Fig. 2.5f–h). Histological sections of lung tissues collected over time at 24, 72 

and 168 h after administration revealed negligible leucocyte infiltration, normal structures of the 

lung tissue and no signs of inflammation (Fig. 2.5i). Further in vitro studies verified that algae-

NP-robot, in contrast to bacterial flagellin39, did not trigger the significant production of 

proinflammatory cytokines by innate immune cells. Together, these data suggest the favourable 

safety profile of the algae-NP-robot delivery platform. 
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Figure 2.5 In vivo safety evaluation of algae-NP(Cip)-robot. a, Comprehensive blood chemistry 

panel taken 24 h after the intratracheal administration of TAP medium or 24, 72 and 168 h after 

that of algae-NP(Cip)-robot (n = 3; mean + s.d.). ALB, albumin; ALP, alkaline phosphatase; ALT, 

alanine transaminase; AMY, amylase; TBIL, total bilirubin; BUN, blood urea nitrogen; CA, 

calcium; PHOS, phosphorus; CRE, creatinine; GLU, glucose; NA+, sodium; K+, potassium; TP, 

total protein; GLOB, globulin. b, Counts of various blood cells 24 h after the intratracheal 

administration of TAP medium or 24, 72 and 168 h after that of algae-NP(Cip)-robot (n = 3; 

geometric mean + s.d.). WBC, white blood cells; RBC, red blood cells; PLT, platelets. c–e, 

Haematoxylin and eosin staining of histology sections from major organs 24 h (c), 72 h (d) and 

168 h (e) after the intratracheal administration of TAP medium or algae-NP(Cip)-robot. Scale bars, 

250 μm. Independent experiments (n = 3) were performed with similar results. f–h, Cytokines, 

including TNF-α (f), IL-1β (g) and IL-6 (h), measured in the BALF from healthy control mice or 

24, 72 and 168 h after the intratracheal administration of algae-NP(Cip)-robot (n = 3; mean ± s.d.) 

i, Representative images of haematoxylin and eosin staining on lung histology sections taken from 

healthy control mice or 24, 72 and 168 h after the intratracheal administration of algae-NP(Cip)-

robot. Scale bar, 100 μm. Independent experiments were performed (n = 3) with similar results. 
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2.1.7 Discussion 

The biohybrid microrobot platform described in this work creates new opportunities for 

active drug delivery to the lungs of ventilated ICU patients. This is due to its distinct advantages 

in terms of facile large-scale production, autonomous motion and long lifespan in localized 

environments, intrinsic autofluorescence for easy in vivo observation and potential targeting 

functionality. Further studies are required to determine if our biohybrid microrobot system can 

deliver key antibiotics for treating other important bacterial pathogens in VAP, including 

Acinetobacter baumannii and Staphylococcus aureus, or be extended to the treatment of other ICU 

conditions such as acute respiratory distress syndrome—a complication of viral pneumonia. Future 

studies will also test the algae-NP-robot formulation against clinical P. aeruginosa isolates to 

evaluate its general applicability. In its current iteration for intratracheal administration, the 

biohybrid microrobot would not be suitable for treating chronic P. aeruginosa infections, such as 

those that afflict the lungs of cystic fibrosis patients, or for other patients in which mechanical 

ventilation or bronchoscopy is not indicated by their clinical status. Before human clinical trials, 

additional validation using large animal models suitable for repeated dosing studies would enable 

a better evaluation of the algae-NP-robot therapeutic efficacy and safety in comparison to clinical 

IV antibiotic regimens. Looking forward, it would also be interesting to more precisely understand 

how algae-based microrobots interact with the immune system, aiming to further improve their 

retention time in the lungs. Exploring different delivery methods, such as by inhalation or IV 

administration, or leveraging the inherent phototaxis properties of algae, may expand the scope of 

the platform across a wider range of applications. 
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Although the treatment of acute pneumonia using algae-NP-robot probably benefited from 

uniform dispersion throughout the lungs, biohybrid microrobots can also be integrated with 

sensory and targeting functionalities for situations in which more precise delivery is required. For 

example, optogenetics technology that locally induces the light emission of target cells with 

photoreceptors40 can be introduced to trigger the inherent phototaxis of algae41, thus enabling site-

specific targeting42. The algae can also be genetically engineered with functional proteins on their 

surface to introduce additional functionalities43. Besides algae, other microorganisms with specific 

sensory or targeting capabilities13,44 could also be used in the development of autonomous drug 

delivery vehicles for treating pulmonary diseases. 

 

2.1.8 Experimental section 

Algae culture. Green C. reinhardtii algae (strain CC-125 wild-type mt+) were obtained from the 

Chlamydomonas Resource Center. The algae were transferred from the agar plate to Tris-acetate-

phosphate (TAP) medium (Thermo Fisher Scientific) and cultivated at room temperature under 

cycles of 12 h sunlight and 12 h dark.  

Neutrophil cell culture. Human neutrophil-like cells (HL-60, American Type Culture Collection, 

ATCC CCL-240) were cultured in RPMI 1640 (11875135, Gibco) with 1 v/v% penicillin-

streptomycin (15140122, Gibco) and 10 v/v% fetal bovine serum (SH30541.03, Hyclone) in an 

incubator under 5% CO2 at a temperature of 37 °C. Cells were regularly tested for mycoplasma.  

Neutrophil cell membrane derivation. HL-60 plasma membrane was collected according to an 

established procedure23. Frozen cells were thawed and washed 3 times with 1× PBS. Cells were 
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lysed in a buffer consisting of 30 mM Tris-HCl, 75 mM sucrose, 225 mM D-mannitol, 0.2 mM 

ethylene glycol-bis(β-aminoethyl ether)-N,N,N’,N’-tetraacetic acid, and phosphatase/protease 

inhibitor mixtures (Sigma Aldrich). Cells were next homogenized using a Kinematica Polytron 

PT-10/35 probe homogenizer, and the cell membrane was collected through gradient 

centrifugation. BCA kit (Pierce) was used to quantify the cell membrane content. The final cell 

membrane was stored in 0.2 mM EDTA at -80 °C for subsequent studies. 

Synthesis of polymeric cores. Drug loaded polymeric cores were synthetized following a reported 

method with slight modifications45. Briefly, 50 μl of 25 mg ml-1 ciprofloxacin (HCl salt, Sigma 

Aldrich) solution was emulsified in 500 μl chloroform solution containing 50 mg ml-1 poly(lactic-

co-glycolic acid) (50:50 PLGA, 0.67 dl g-1, Lactel Absorbable Polymers) using an ultrasonic probe 

sonicator (Fisher Scientific) operating at a power of 10 W. The sonication lasted for 2 min with 

alternating cycles of 2 s power on and 2 s power off inside an ice bath. Then, the emulsion was 

transferred to 10 ml of aqueous solution and sonicated for another 2 min. The emulsion was stirred 

for 4 h to completely evaporate the chloroform. All samples were centrifuged for 5 min at 16,100g 

and washed twice with ultrapure water, and lyophilized for future use. The 3,3’-

dioctadecyloxacarbocyanine perchlorate (DiO, λex/λem = 484 nm/501 nm; Thermo Fisher 

Scientific)-loaded nanoparticles were synthesized by replacing ciprofloxacin with 1 mg ml-1 of the 

dye and then following the same method.  

Synthesis of neutrophil membrane-coated nanoparticles. Neutrophil membrane-coated 

nanoparticles were synthesized by an established procedure18. Briefly, the neutrophil membranes 

were added into solution containing PLGA cores at a polymer to membrane protein weight ratio 

1:1. The neutrophil membranes were coated onto PLGA cores through 3 min sonication in a bath 
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sonicator (Fisher Scientific FS30D). The resulting membrane-coated nanoparticles were separated 

from the solution by 5 min centrifugation at 16,100g and washed twice with ultrapure water.  

Characterization of neutrophil membrane-coated nanoparticles. The nanoparticle size and surface 

charge of neutrophil membrane-coated nanoparticles were measured using dynamic light 

scattering (ZEN 3600 Zetasizer, Malvern). In addition, the morphology of nanoparticles was 

verified using transmission electron spectroscopy (FEI 200 kV Sphera). Brightfield and 

fluorescent images of 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate (DiI, 

λex/λem = 551 nm/566 nm; Thermo Fisher Scientific)-labeled neutrophil membrane and DiO-loaded 

PLGA core were taken on a fluorescence microscopy (EVOS FL). To verify the neutrophil 

membrane orientation after coating, neutrophils (~2.5 × 106 cells) and neutrophil membrane-

coated nanoparticles (100 μl, 0.5 mg ml-1 protein content) were blocked in 1% bovine serum 

albumin (BSA, Millipore Sigma) for 30 min and then incubated with 1 μl 100 mg ml-1 Alexa488 

anti-human CD11a (LFA-1) antibody (Biolegend) for 30 min. The total fluorescent intensity of 

the mixture was measured by BioTek Synergy Mx microplate reader. To separate unbound 

antibodies, neutrophil samples were spun down at 3000g for 5 min, whereas neutrophil membrane-

coated nanoparticles were centrifuged for 5 min in 300 kDa molecular weight cutoff Nanosep tubes 

at 5000g. The fluorescence intensity of the unbound antibodies was measured in order to determine 

the amounts bound to the neutrophils and NPs. 

Preparation of algae-NP-robot. Green algae were washed with ultrapure water three times to 

remove any residual TAP buffer, and they were subsequently resuspended in ultrapure water. Then, 

1 × 107 algae were treated with 20 μM azido-PEG4-NHS ester (Click Chemistry Tools) for 45 min 

at room temperature. To examine the effective binding of azido groups on the algae surface, the 
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resulting algae were incubated with BDP FL DBCO (Lumiprobe) for 30 min and then subjected 

to flow cytometry analysis (1 × 104 events were collected for analysis). Then neutrophil 

membrane-coated PLGA nanoparticles (denoted ‘NP’) were modified with N3 bonds for the click 

chemistry. Here, NP were incubated with 40 μM DBCO-PEG4-NHS ester for 1 h at room 

temperature. The presence of triple bonds on the NP surface was confirmed by adding FAM azide, 

5-isomer (Lumiprobe) and visualized by fluorescence microscopy. Both of the resulting algae and 

NP were washed five times with ultrapure water, removing unreacted NHS ester for the following 

conjugation. To optimize the binding efficiency, we used different concentrations of NP at 0.04 

mg ml-1, 0.2 mg ml-1, and 1 mg ml-1 for conjugation. During the conjugation, DBCO-modified NP 

were incubated with azido-functionalized algae for 45 min. After 3 min centrifugation at 300g and 

three washes with TAP medium, the resulting algae-NP-robot were collected for further 

characterization. Static algae-NP were prepared by removing the flagella from the algae using 0.5 

M acetic acid, followed by the same procedure for NP conjugation. Cryo-treated algae-NP-robots 

were prepared by a cryogenic treatment in which the algae-NP-robot was immersed into liquid 

nitrogen for 45 seconds to maintain the structure of the algae. 

Characterization of algae-NP-robot. To perform scanning electron microscopy (SEM) 

characterization, algae-NP-robots were first fixed with 2.5% glutaraldehyde overnight at 4 °C and 

then washed in ultrapure water. After overnight drying, algae-NP-robots were coated with 

palladium for SEM characterization using an acceleration voltage of 3 KV (Zeiss Sigma 500 SEM 

instrument). The bare algae and static algae-NP were treated and examined using the same 

methodology. The attachment of NP to algae was captured by fluorescence microscopy (EVOS 

FL) with three individual fluorescence channels, Cy5, RFP and GFP, which corresponded to the 
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autofluorescence of algae, the DiI-labeled neutrophil membrane, and the DiO-loaded PLGA cores, 

respectively. 

Algae viability study. To evaluate algae viability, algae were stained in 5 μM SYTOX green 

fluorescent probe (Thermo Fisher). The bright green fluorescence of dead algae was examined by 

fluorescence microscopy. Based on previously reported methods46, the solution was measured for 

SYTOX fluorescence intensity (λex/λem = 504 nm/523 nm) using a plate reader. No washing steps 

were required due to the specific staining of the nucleic acid of dead algae.  

Motion analysis. The motion of algae-NP-robot and bare algae control was evaluated in simulated 

lung fluid (SLF). The speed of algae-NP-robot in the SLF was measured in the dark at 37 °C, and 

changes in the motion were evaluated at 1 h, 12 h, 24 h, and 48 h. The speed of algae-NP-robot 

was also measured over 1 h at an elevated body temperature at 40 °C. The movies of the motion 

were recorded by optical microscope (Nikon Eclipse Instrument Inc. Ti-S/L 100). An NIS Element 

tracking module was used to measure the corresponding algae speed in SLF.  

Binding of NPs or liposomes with bacteria. Neutrophil membrane-coated DiO-loaded PLGA 

nanoparticles (denoted ‘NPs’) and DiO-loaded PLGA nanoparticle cores without membrane 

coating were prepared as before. Liposomes were synthesized through an extrusion-based method. 

Briefly, L-α-phosphatidylcholine (EggPC, Avanti Polar Lipids 840051) and cholesterol (Avanti 

Polar Lipids 700100) were dissolved in chloroform and mixed at a weight ratio of 9:1. To label 

the liposomes, DiO was dissolved in chloroform and added to the lipid mixture to reach a weight 

percentage of 2% DiO. The chloroform was evaporated in nitrogen gas. The dried lipid film was 

hydrated with sterile PBS to reach a total lipid concentration of 5 mg ml-1. The lipid solution was 

vortexed for 1 min, followed by sonication in a bath sonicator. The re-hydrated lipids were further 
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extruded through a polycarbonate membrane with 100 nm pore size to form liposomes. To 

compare the binding effect, 1 mg of NPs, 1 mg PLGA nanoparticle cores without membrane 

coating and 1 mg of liposomes were incubated with 1 × 107 ml-1 P. aeruginosa overnight, 

respectively. The unbound NPs, liposomes and PLGA nanoparticle cores without membrane 

coating were removed through three washing steps by centrifuging at 700g for 2 min. Brightfield 

and fluorescent images of the three groups were taken on a Life Technologies EVOS FL 

fluorescence microscope. Fluorescence values from DiO (λex/λem = 484 nm/501 nm) were 

quantified using a BioTek Synergy Mx microplate reader. To perform SEM characterization, 

samples were initially fixed overnight with 2.5% glutaraldehyde at 4 °C, followed by washing with 

ultrapure water. After overnight drying, samples were coated with palladium for SEM 

characterization using an acceleration voltage of 3 KV (Zeiss Sigma 500 SEM instrument). 

Binding of algae-NP-robot with bacteria. The PLGA core and neutrophil membrane were labeled 

with DiO and DiI, respectively. The algae-NP-robot was prepared as before. P. aeruginosa was 

labeled with Hoechst 33342 (Thermo Fisher Scientific) for 30 min at room temperature. The free 

dye was removed through three washing steps by centrifuging at 3000g for 5 min. To explore the 

binding effect between algae-NP-robot and bacteria, 1 × 105 ml-1 algae-NP-robot were incubated 

with 1 × 107 ml-1 P. aeruginosa overnight. The unbound bacteria were removed through five 

washing steps by centrifuging at 200g for 2 min. After fixation in 2.5% glutaraldehyde, brightfield 

and fluorescent images of the binding between algae-NP-robot and P. aeruginosa were taken on a 

Life Technologies EVOS FL fluorescence microscope. To quantify binding efficiency, 5 × 106 ml-

1 algae-NP-robots were incubated with 5 × 106 CFU ml-1 P. aeruginosa for 1 h. Colonies of total 

bacterial input and unbound bacteria were counted after 24 h of culture on agar plates. 
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Cytotoxicity test. To evaluate cytotoxicity, J774A.1 cells (ATCC TIB-67) and NL20 cells (ATCC 

CRL-2503) were seeded in 96-well plates at 1× 104 cells per well. The cells were then incubated 

with algae-NP-robot with an algae/ cell ratio of 0.0625, 0.125, 0.25, 0.5, 1.0, 2.0, 4.0, 8.0, 16.0, 

32.0, and 64.0 for 24 hours. CellTiter AQueous One Solution cell proliferation assay (Promega) 

was used to evaluate cell viability, according to the manufacturer’s instructions. 

Phototaxis of algae-NP-robot. A small 2 µl droplet of algae-NP-robot was placed on a glass slide 

without further modification. After 5 s of random motion, the algae-NP-robot sample was 

illuminated with white light from the top for 30 s. The video was recorded using an optical 

microscope.  

Intratracheal administration. The intratracheal administration was performed using a modified 

method based on a previous paper34. Specifically, male CD-1 mice (Charles River Labs) were 

placed under anesthesia with a ketamine (Pfizer) and xylazine (Lloyd Laboratories) cocktail 

administered at 100 mg/kg and 20 mg kg-1, respectively. To prepare the inoculation, a certain 

volume of test materials (50 μl algae-NP-robot, static algae-NP, NP, and TAP medium) was 

injected into the PTFE feeding tube (cut 6-8 inches in length) by an insulin needle. Then, the 

feeding tube was inserted 0.5–1.0 cm into the trachea and the inoculum of test materials was 

administered into the lungs. To avoid escape of the test materials from the lungs, the feeding tube 

was left in place for 30 seconds.  

Ex vivo lung imaging and retention quantification. All animal experiments were approved by the 

Institutional Animal Care and Use Committee of the University of California San Diego and 

performed under the National Institutes of Health (NIH) guidelines. Male CD-1 mice (Charles 

River Labs) were placed under anesthesia with a ketamine and xylazine cocktail. They were 
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subsequently intratracheally administrated with TAP buffer, 5 × 106 algae-NP-robot, or 5 × 106 

static algae-NP. After certain timepoints (1, 4, 12, 24, 48, and 72 h), the mice were euthanized, 

and their lungs were excised for analysis. Fluorescent ex vivo lung images were obtained with the 

Xenogen IVIS 200 system. Subsequently, the lung samples were homogenized, and fluorescence 

values were measured on a BioTek Synergy Mx microplate reader. Bacterial dispersion studies 

were performed with a similar method. Briefly, P. aeruginosa bacteria were labeled with DiD after 

overnight incubation. Following anesthesia, the mice were intratracheally inoculated with 5 × 106 

CFU of DiD labeled P. aeruginosa. After 1 h inoculation, the mice were euthanized, and their lungs 

were excised for IVIS imaging analysis. 

In vitro macrophage phagocytosis. J774A.1 macrophage cells were cultured using Dulbecco’s 

modified Eagle medium (DMEM, Invitrogen) in a 24-well plate at density of 1 × 106 cells per well. 

Algae-NP-robots were then added at a robot/macrophage ratio of 1:1 and incubated at 37 °C. After 

certain timepoints (1, 4, 12, 24, 48, and 72 h), the mixture was analyzed by fluorescence 

microscopy and fluorescence values were quantified using a BioTek Synergy Mx microplate 

reader. Static algae-NP and cryo-treated algae-NP-robot controls were tested and quantified 

following the same method. 

Algae-NP-robot clearance in vivo. At various timepoints (1 h, 4 h, 12 h, and 48 h) before the study, 

male CD-1 mice were intratracheally inoculated with equivalent amounts of algae-NP-robot or 

static algae-NP. Then, mice were euthanized by carbon dioxide asphyxiation and the trachea was 

exposed. A catheter made by tightly fitting a 23-gauge needle into PTFE tubing (Cole Parmer) was 

inserted into the trachea and secured with sutures. Bronchoalveolar lavage was then collected from 

each mouse by repeatedly washing the lungs five times with 1 ml of 0.5% (v/v) fetal bovine serum 
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(Gibco) and 2 mM EDTA in PBS and immediately stored on ice. Cells were spun down at 700g 

for 5 min, and red blood cells were lysed using a commercial buffer (Biolegend) following the 

manufacturer’s instructions. Subsequently, nonspecific binding on the cells was blocked with 1% 

(w/v) BSA in PBS for 15 min and then probed with Pacific Blue conjugated anti-mouse CD11c 

(N418, Biolegend) and PE-conjugated anti-mouse Siglec-F (S17007L, Biolegend) antibodies for 

30 min on ice. Unbound antibodies were washed out twice with 1% BSA in PBS and the cells were 

resuspended in 1% BSA in PBS for flow cytometry analysis. Data was acquired with a BD 

FACSCanto II flow cytometer and analyzed using the FlowJo software. 

Ciprofloxacin (Cip) loading and release measurement. A total of 1 ml of algae at different 

concentrations (1 × 107 ml-1, 2 × 107 ml-1, 4 × 107 ml-1, 8 × 107 ml-1, and 16 × 107 ml-1) was 

conjugated with 1 mg NP(Cip) by click chemistry, followed by removal of free NP(Cip) by three 

washes at 300 g for 2 min. Then, the algae-NP(Cip)-robots were suspended in 1 ml of TAP for 

further use. After fabrication of algae-NP(Cip)-robot, the solution was measured for Cip 

fluorescence intensity (λex/λem = 270 nm/440 nm). A standard calibration curve was made by 

measuring serial dilutions of Cip solution (0-10 μg ml-1), and the Cip concentration was determined 

by comparing with the standard calibration curve. The Cip release was conducted with 1 ml of 

algae-NP(Cip)-robot at 37 °C within 72 h. Cip concentration was determined also by fluorescence 

measurement. 

In vitro antibacterial activity of algae-NP(Cip)-robot. A volume of 1 ml of P. aeruginosa PAO1 

strain (ATCC, BAA-47) at 5 × 106 CFU (colony-forming unit) ml-1 was mixed with TAP, free Cip, 

NP(Cip), static algae-NP(Cip), or algae-NP(Cip)-robot at an equivalent Cip amount. To quantify  

the minimal inhibitory concentration (MIC) of Cip, various concentrations of Cip  were used: 
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31.25 ng ml-1, 62.5 ng ml-1, 125 ng ml-1, 250 ng ml-1, 500 ng ml-1, and 1 μg ml-1. The bacterial 

growth was quantified by measuring their absorbance at 600 nm (OD600). 

In vivo enumeration study. P. aeruginosa was first streaked onto a Luria broth (LB; Sigma-Aldrich) 

agar plate and cultured overnight at 37 °C. A single colony was inoculated in 50 ml of LB, and 

further cultured for 10 h at 37 °C on shaker. The bacteria were collected after spinning down at 

5,000g for 20 min, washing with PBS, and resuspending in PBS to a final concentration of 2 × 108 

CFU ml-1. Male CD-1 mice were placed under anesthesia with a ketamine and xylazine cocktail. 

They were intratracheally inoculated with 5 × 106 CFU of P. aeruginosa and subsequently 

intratracheally administered with TAP buffer, NP(Cip), 5 × 106 algae-NP(Cip)-robot, or 5 × 106 

static algae-NP(Cip) at an equivalent Cip amount (500 ng). After 24 h, 48 h, 72 h, and 168 h, the 

mice were euthanized, and their lungs were collected for quantification of bacterial load. In a 

separate enumeration study, treatment with the algae-NP(Cip)-robot was delayed for 30 min, 2 h, 

4 h, and 6 h after the bacterial challenge, and lung samples were collected after another 24 h for 

enumeration. To compare with the IV treatment, an equivalent Cip amount (500 ng) and a clinical 

dose (1.64 mg) were intravenous injected separately into mice 30 min after bacterial inoculation. 

Bacterial enumeration was performed using the same protocol.  

In vivo survival study. Male CD-1 mice were placed under anesthesia using a ketamine and 

xylazine cocktail. They were intratracheally inoculated with 5 × 106 CFU of P. aeruginosa and 

then intratracheally administered with TAP buffer, NP-Cip, 5 × 106 algae-NP(Cip)-robot, or 5 × 

106 static algae-NP(Cip) at an equivalent Cip amount (500 ng). To compare with the IV treatment, 

an equivalent Cip amount (500 ng) and a clinical dose (1.64 mg) were intravenous injected 



37 

 

separately into mice 30 min after bacterial inoculation. Survival of each mouse was monitored on 

a daily basis. 

In vivo safety studies. Mice were euthanized at 24 h, 72 h, and 168 h after intratracheal 

administration of TAP buffer or 5 × 106 algae-NP(Cip)-robot for sample collection. For the 

comprehensive metabolic panel and blood cell counts, serum and whole blood were collected. Lab 

tests were carried out by the UC San Diego Animal Care Program Diagnostic Services Laboratory. 

For histological analysis, H&E staining was performed on major organs. To evaluate the cytokine 

levels, bronchoalveolar lavage fluid (BALF) was collected by washing the lungs five times using 

1 ml of 0.5% (v/v) fetal bovine serum (Gibco) and 2 mM EDTA in PBS through a 23-gauge needle 

into PTFE tubing (Cole Parmer) inserted into the trachea. For cytokine analysis, the BALF was 

centrifuged at 700g for 5 min to collect the supernatant. Cytokine concentrations in BALF were 

measured in triplicate by multiplexed sandwich enzyme-linked immunosorbent assay (ELISA) kit 

(BioLegend). The histology sections of lung tissue were evaluated by the Tissue Technology 

Shared Resources, UC San Diego Moores Cancer Center. All histological assessments were 

performed in a blinded manner to prevent observer bias.  

In vitro cytokine production. J774A.1 macrophage cells were cultured in DMEM in a 6-well plate 

at 1 × 106 cells per well. They were subsequently incubated with 5 × 106 algae-NP-robot, 5 × 106 

cryo-treated algae-NP-robot, 5 × 106 static algae-NP, or 100 ng ml-1 flagellin isolated from 

Salmonella Typhimurium bacteria (InvivoGen) for 24 h. Cytokine levels were determined by 

ELISA kits (BioLegend). 
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2.2 Microalgae microrobots embedded in capsule for targeted intestinal delivery 

2.2.1 Introduction 

Oral delivery to the gastrointestinal (GI) tract has been one of the most widely used 

approaches  or drug administration due to its high patient compliance, noninvasiveness, simplicity, 

and low cost1,2. Despite their potential advantages, oral drug formulations face several barriers 

within the GI tract, including poor stability in gastric fluid, limited drug interaction with the 

intestinal lining, and low solubility3. Several engineered systems, based on microinjectors and 

microneedles, have been described recently for improving the oral delivery of large biological 

macromolecules via mechanical penetration mechanisms4,5. Other platforms, including 

bioadhesive patches, responsive hydrogels, mucus-penetrating particles, ionic liquids, and 

microgrippers, have been reported for enhancing GI delivery via improved tissue adhesion, 

prolonged retention, and improved drug localization6–10. The use of micromotors is another 

promising and effective approach for the active transport of therapeutic agents to specific sites of 

interest11–14. A variety of synthetic micromotors, capable of propelling to hard-to-reach locations 

within the body, have been developed for active drug delivery and for other biomedical 

applications, including biosensing and microsurgery15–19. Early in vivo studies using micromotors 
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focused primarily on the GI tract, which can provide a favorable environment for movement19, 20. 

These pioneering studies used chemically powered micromotors based on magnesium (Mg) or zinc 

microengines for the enhanced delivery of antibiotics, vaccines, and micronutrients19–22. These 

self-propelled micromotors hold particular promise for the local delivery of drug payloads toward 

the treatment of GI diseases and disorders.19 Although these active platforms substantially 

enhanced delivery efficacy compared with corresponding static microcarriers, they suffer from 

short lifetimes of operation up to about 15 min once in contact with GI fluid. This decreases the 

potential of these synthetic micromotors to interact with GI mucosa and limits their overall 

retention, thus leading to decreased drug bioavailability. To address this limitation, active 

micromotor-based GI drug delivery systems with improved characteristics need to be developed. 

Here, we report an algae motor–loaded capsule system that combines the efficient long-

lasting movement of natural algae in the small intestine with the protective capabilities of oral 

capsules, thus enabling prolonged retention within the intestinal mucosa toward greatly improved 

GI delivery. Microorganisms such as bacteria, sperm, and microalgae have evolved over millions 

of years to develop robust actuation systems that enable autonomous motion23. These natural 

cellular systems have recently emerged as attractive cargo carriers that are capable of transporting 

therapeutics to hard-to-reach body locations.24,25 Combining these motile microorganisms with 

synthetic materials results in biohybrid systems capable of performing multiple tasks.26–28 Whereas 

sperm and bacteria have been used for over a decade in diverse biomedical applications ranging 

from cancer therapy to assisted fertilization,29–31 microalgae swimmers have rarely been explored 

as robotic actuators.32 Microalgae are eukaryotic swimmers that are facile to culture, and they offer 

attractive properties for biomedical applications, including efficient propulsion (>100 μm/s), 

autofluorescence, and phototactic guidance capabilities. 
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We chose Chlamydomonas reinhardtii as a model microalgal swimmer for active payload 

delivery in the GI tract because of its many attractive properties, including cytocompatibility, cost-

effective scalable production, good adaptability and motility in diverse aqueous environments, 

abundance of reactive surface groups for functionalization, and autofluorescence for ease of 

tracking in vivo.27, 32–34 C. reinhardtii swims by beating its two flagella synchronously at a 

frequency of 50 Hz,35 reaching high speeds up to about 200 μm/s.32, 36 We demonstrate that C. 

reinhardtii display substantially longer propulsion in intestinal fluid compared with synthetic 

chemically powered Mg micromotors, which are the only type of self-propelled microrobot 

swimmers that have been reported for in vivo operation in the GI tract.19–22 To protect the algae 

motors from the harsh gastric environment, we embedded them inside a protective capsule (Fig. 

2.6, a to c), which was prepared with an inner hydrophobic coating to entrap aqueous solution for 

maintaining algae viability along with an outer pH-responsive enteric polymer coating. Upon 

release from the capsule, the algae display constant motility in intestinal fluid (Fig. 2.6d). 

Compared with the short lifetime of commonly used Mg micromotors, the algae motors remain 

motile for more than 12 hours at body temperature. In vivo, this prolonged movement leads to 

notably improved intestinal distribution (Fig. 2.6e), resulting in enhanced retention of a model 

chemotherapeutic doxorubicin (Dox) conjugated to the algae motors. Overall, our findings indicate 

that natural algae–based active carriers hold great promise for oral drug delivery to enhance the 

treatment of GI diseases. 
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Figure 2.6 Schematic of algae motors in a capsule for GI tract delivery. a, Algae motors loaded 

within protective capsules containing an inner hydrophobic coating layer and an outer enteric 

coating layer can be used for oral delivery applications. b, The algae motor–loaded capsule first 

enters the stomach, where the enteric coating protects it from degradation at acidic gastric pH. 

Upon entering the intestines, the enteric coating is dissolved in the nearly neutral pH and the 

capsule is degraded, leading to complete release of the algae motors. c, Bright-field (top) and 

fluorescent (bottom) images of an algae motor-loaded capsule. Scale bar, 2 mm. d, Representative 

tracking trajectories demonstrating the autonomous movement of algae motors in simulated 

intestinal fluid. e, Representative biodistribution of fluorescently labeled algae motors in the GI 

tract 5 hours after administration in a capsule by oral gavage. 

 

2.2.2 Movement of algae-based micromotors in simulated intestinal fluid 

We first studied the motion properties of C. reinhardtii, which are commonly used as a 

model algal species,37 and compared them with those of Mg micromotors (Fig. 2.7a). Simulated 

intestinal fluid (SIF), mainly composed of potassium dihydrogen phosphate at pH 6.8, was used to 



46 

 

test the movement of the algae and Mg micromotors. In SIF, the natural algae motors exhibited a 

stable speed profile of about 120 μm/s that lasted for a minimum of 12 hours. This consistent 

motile behavior is ascribed to the coordinated, self-sustained beating of algae flagella38 even under 

suboptimal survival conditions, such as SIF. In contrast, the speed of Mg micromotors in SIF 

markedly decreased from an initial 180 to 80 μm/s after 15 min before reaching 0 μm/s after 

another 15 min. This sharp drop in speed reflects the rapid dissolution and depletion of the Mg 

engine during propulsion. The percentage of motile Mg motors also dropped to 20% after 15 min 

of propulsion, whereas 89% of the algae motors remained moving after 12 hours (Fig. 2.7b). In 

tracing their motion, the movement patterns of algae tracked over 2-s intervals appeared consistent 

over the course of 12 hours (Fig. 2.7c), whereas no movement was observed for Mg motors after 

30 min (Fig. 2.7d). These data illustrated that the algae motors could self-propel efficiently in SIF 

and maintain consistently fast motility over long periods of time, thereby supporting their potential 

for active GI delivery applications. 

To demonstrate their potential for drug delivery, we modified the algae motors with two 

different cargos: a fluorescent dye and polymeric nanoparticles (NPs). The green dye fluorescein 

(excitation/emission = 494 nm/518 nm) was first chemically conjugated to the surface of the algae 

.39 After dye conjugation, the algae could be fluorescently tracked (Fig. 2.7, g and h), and the 

median speed calculated from 100 individual algae was nearly identical to that of unmodified algae 

(Fig. 2.7, e and f) and consistent with previously reported values.32,36 Similarly, red blood cell 

(RBC) membrane–coated poly(lactic-co-glycolic acid) (PLGA) NPs40 were linked to the algae via 

click chemistry. To visualize the NPs on the algae, we encapsulated the fluorescent dye 1,1’-

dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine (DiI; excitation/emission = 550 nm/567 nm) 

inside the PLGA core during the fabrication process. The NP-modified algae motors (denoted 
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“algae-NP motors”) exhibited a similar swimming pattern and speed distribution profile in SIF 

compared with unmodified algae motors (Fig. 2.7, i and j). In addition, the intrinsic phototaxis of 

the algae was not compromised after the NP functionalization. The data here confirmed that 

different payloads, ranging from small molecules to NPs, can be successfully loaded onto algae 

motors without affecting their propulsion characteristics, further highlighting the active GI 

delivery potential of algae-based motor systems. 
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Figure 2.7 Motility of algae motors and Mg motors in SIF at room temperature. a, Speed of algae 

motors and Mg motors in SIF during 12 hours of operation (n = 5, means ± SD). b, The percentage 

of motile motors in SIF during a 12-hour period (n = 5, means + SD). c,d, Time-lapse snapshots 

and trajectories of algae motors (c) and Mg motors (d) over a span of 2 s at different time points 

during operation. Scale bars, 50 μm. e-j, Time-lapse images showing trajectories over a span of 1 

s and corresponding speed distributions of unmodified algae (e and f), fluorescein-labeled algae 

motors (g and h), and algae motors carrying DiI-loaded RBC membrane–coated NPs (i and j) (n = 

100). Scale bars, 20 μm. 
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2.2.3 Formulation of algae motors into protective capsules 

To effectively use algae motors for delivery to the GI tract in vivo, it is necessary to 

overcome the harsh acidic environment of the stomach, which can degrade the algae before they 

reach the small intestines. To address this, we modified a commercial capsule to encapsulate viable 

algae in an internal aqueous medium for safe passage through the stomach. First, an organosilicon 

solution, consisting of 4% octadecyltrimethoxysilane (OTMS),41 was prepared to create a thin 

hydrophobic coating on the inside of the capsule via a thermal evaporation technique. To test the 

stability of a capsule with this internal coating, we encapsulated an aqueous solution containing 

rhodamine dye. Visually, the capsule remained unchanged, whereas notable deformation was 

observed for a control uncoated capsule. By changing the number of coating layers, we could 

modulate the degradation of the capsules, which is reflected by the release of the dye, with 10 

layers of coating offering the longest delay in release in SIF. Second, the exterior surface of the 

capsule was coated with Eudragit L100-55, a pH-responsive polymer commonly used for 

protecting oral medication from harsh gastric acid conditions; previous studies have demonstrated 

the utility of Eudragit L100-55 as an enteric coating for enhancing the delivery of micromotors to 

the intestines.42 To imitate physiological conditions in the stomach, we used simulated gastric fluid 

(SGF) at pH 1.5, containing sodium chloride and hydrochloric acid. In our case, three layers of 

coating using a 7% (w/v) polymer solution offered full protection of the encapsulated cargo from 

SGF. Upon changing from SGF to SIF, burst cargo release was observed within 10 min because 

of dissolution of the enteric coating at higher pH values. These results confirmed that it was 

possible to load cargo in aqueous solutions using suitably coated capsules for the GI delivery of 

algae motors. 
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Next, we investigated the encapsulation of live algae into the modified capsules and their 

release in vitro. Algae were suspended in tris-acetate-phosphate (TAP) medium and loaded into 

capsules with 10 inner OTMS layers and 3 outer enteric coating layers. For visualization, the 

OTMS and enteric coating layers were labeled with 3’,3’-dioctadecyloxacarbocyanine (DiO; 

excitation/emission = 484 nm/501 nm) and Pacific Blue (excitation/emission = 410 nm/455 nm), 

respectively. Under fluorescence microscopy, a strong signal was observed for both coating layers 

along with the autofluorescence of the algae (excitation/emission = 647 nm/680 nm), confirming 

the successful encapsulation of algae motors into the fabricated capsule platform (Fig. 2.8a). In 

SGF, it was demonstrated that there was no release of algae from the capsules, whereas the algae 

motors could be released over time in SIF (Fig. 2.8b). The release in SIF was gradual for about 30 

min, after which most of the algae was released by 45 min from the start of the experiment. The 

total number of released algae reached 9.15 × 105 after 45 min (Fig. 2.8, c and d). Motion tracking 

of algae motors within the capsule and algae motors released from the capsule revealed similar 

patterns of movement (Fig. 2.8e). The median speed calculated from 100 individual algae also 

remained unchanged throughout the fabrication process and after release from the capsules (Fig. 

2.8, f and g). These data indicated that the algae motors could be effectively encapsulated and then 

released from the modified capsule with negligible effect on their swimming performance. 
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Figure 2.8 Loading and release of algae motors in a capsule in vitro. a, Bright-field and 

fluorescence microscopy images of autofluorescence of algae motors (red) in a capsule 

formulation fabricated with a DiO-labeled OTMS inner coating (green) and a Pacific Blue–labeled 

enteric outer coating (blue). Scale bar, 1 mm. b, Release profile of algae motors from a capsule in 

SGF (blue line) and SIF (red line). Inset images correspond to t = 15 min (left) and t = 45 min 

(right). c, Quantification of algae release from capsules over time in SIF (n = 3, means + SD). d, 

Time-lapse images (t = 15, 30, and 45 min) showing the release of algae motors from a capsule in 

SIF. Scale bar, 100 μm. e, Representative tracking lines (captured from movie S7) of encapsulated 

algae motors in TAP medium and released algae motors in SIF. Scale bar, 50 μm. f,g, Speed 

distribution of the encapsulated algae motors (f) and released algae motors (g) from (e) (n = 100). 
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After evaluating the release of algae motors from the capsules under in vitro conditions, 

we investigated the delivery capabilities of the platform within the GI tract. First, mimicking the 

physiological conditions of the intestines, the motion behavior of algae motors and Mg motors was 

evaluated in SIF at 37°C in vitro (Fig. 2.9, a and b). The speed of the algae motors was affected 

by the elevated temperature, decreasing from 113 to 83 μm/s within 15 min of self-propulsion and 

further dropping to 40 μm/s after 12 hours. At the experimental endpoint, about 70% of the algae 

remained motile, indicating that they could survive for prolonged periods of time even under 

unfavorable conditions. In comparison, the conventional Mg motors rapidly lost their movement, 

with only 33% still propelling at a high speed of 180 μm/s after 5 min. After another 10 min, only 

8% remained motile, with an average speed of 80 μm/s. This fast drop in speed and the fraction of 

motors displaying active motion reflected the rapid depletion of the Mg engine. The algae motors 

also exhibited the ability to swim in viscous simulated mucus43 over an extended period of time, 

whereas the Mg motors did not. These findings illustrated the greatly improved behavior of the 

algae motors compared with their Mg-based counterparts for potential GI applications requiring 

prolonged propulsion. 

 

2.2.4 In vivo biodistribution of algae motors after oral delivery 

After the in vitro tests, a study was carried out to assess the in vivo biodistribution and 

retention of the algae motors when delivered orally in capsule form. To facilitate imaging and 

quantification in biological tissue, we labeled the algae motors and Mg motors with the same 

fluorescent dye. The algae motors were directly conjugated with fluorescein, whereas the Mg 

motors were first coated with poly-l-lysine,44 then conjugated with the dye. As a result, both motors 
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could be easily visualized under fluorescence microscopy and displayed near-identical signals that 

did not diminish after 6 hours in SIF at 37°C. Next, the algae motors and Mg motors were 

embedded in the protective capsules and administered by oral gavage to mice. At 5 hours after 

administration, the mice were euthanized, and their GI tracts were imaged ex vivo (Fig. 2.9c). 

Whereas a narrow distribution was observed from the fluorescent signal of the Mg motors, the 

signal for the algae motors was more broadly distributed through the intestines. Quantification of 

the total radiant efficiency within the small intestines corroborated the improved retention of the 

algae motors compared with the Mg motors (Fig. 2.9d). The observed differences in biodistribution 

suggested that algae, with their long-lasting movement properties, could be effective at delivering 

drug payloads locally within the GI tract. 

 

Figure 2.9 Comparison of the distribution of algae motors and Mg motors in the GI tract. a, Speed 

of algae motors and Mg motors at 37°C in SIF during 12 hours of operation (n = 5, means ± SD). 

b, Percentage of motile algae motors and Mg motors at 37°C in SIF during 12 hours of operation 

(n = 5, means ± SD). c, Representative images of the GI tracts of mice 5 hours after oral 

administration of fluorescein-labeled algae motors in a capsule (left) or Mg motors in a capsule 

(right). d, Quantitative analysis of total fluorescence intensity within the small intestine from the 

images in (C) (n = 3, means + SD). Student’s two-tailed t test, **P < 0.01. 
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2.2.5 In vivo delivery of therapeutic drugs using algae motor capsules 

To better understand the mechanism behind the improved biodistribution and retention of 

algae motors within the small intestine, we compared our algae motor capsule formulation with 

different control groups, including TAP medium only (negative control), free algae without a 

capsule, and static algae in a capsule. To prepare the static algae control, we deflagellated live 

algae using acetic acid and resuspended them in phosphate-buffered saline (PBS) for 

encapsulation. Optical visualization and scanning electron microscopy (SEM) images confirmed 

successful deflagellation and that the resulting static algae lost their motion capabilities in SIF at 

37°C. The intrinsic fluorescence of chlorophyll a in algal chloroplasts allows for noninvasive 

fluorescence imaging of algae without the need for chemical modification .45 We then proceeded 

to perform ex vivo fluorescence imaging on the GI tracts of mice receiving the various 

formulations with equivalent fluorescence to determine the influence of active movement and 

capsule protection on biodistribution (Fig. 2.10a). At 5 hours after oral administration, algae 

motors delivered inside capsules were more broadly distributed across the intestines compared 

with static algae that were also encapsulated. This result highlighted the importance of self-

propulsion, which likely helped to increase the interaction of the algae with the intestinal wall, 

thus leading to enhanced retention. In addition, there was almost no signal observed in the 

intestines after administration of free algae, demonstrating the necessity of using the capsules to 

protect from the harsh stomach acid. Quantification of the fluorescent signal from each sample 

further supported the imaging results, as the fluorescence from the encapsulated algae motor group 

was 3.5-fold greater than that of the encapsulated static algae group (Fig. 2.10b). To control for 

the background signal from food contaminants within the stomach,42,46 we delivered capsules 
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containing algae motors labeled with Cyanine7 (Cy7; excitation/emission = 750 nm/773 nm) 

orally, and it was confirmed that most of the algae were distributed within the intestine. 

 

Figure 2.10 GI tract delivery of algae motors in comparison with other algae controls. a, 

Representative ex vivo fluorescence images of GI tissues of mice 5 hours after oral administration 

with TAP medium as a negative control, free algae without a capsule, static algae in a capsule, and 

algae motors in a capsule. b, Quantitative analysis of the mean fluorescence from the experiment 

in (a) (n = 3, means + SD). One-way ANOVA, ***P < 0.001 and ****P < 0.0001. 

 

 

We next explored the feasibility of using algae motors for delivering therapeutic drugs to 

the GI tract. Dox, a commonly used frontline chemotherapeutic agent,47 was selected as a model 

drug payload. First, RBC membrane–coated NPs were loaded with Dox [denoted “NP(Dox)”] via 

a double emulsion solvent evaporation technique.48,49 Transmission electron microscopy (TEM) 

imaging confirmed the core-shell structure of the NPs. Fluorescence imaging showed 

colocalization of the Dox-loaded PLGA cores and the DiO-labeled RBC membrane coating, 
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verifying successful drug loading. Next, NP(Dox) was linked to the algae [denoted “algae-

NP(Dox)”] by click chemistry (Fig. 2.11a). Fluorescence and SEM imaging confirmed the 

effective binding of NP(Dox) to the algae (Fig. 2.11, b and c). To test the Dox loading onto the 

algae, we incubated 1 × 106 algae with different concentrations of NP(Dox). The Dox loading yield 

onto the algae was measured at different NP(Dox) inputs, and the maximum loading amount (15 

μg) was obtained with a 50-μg input of Dox, corresponding to a 30% loading efficiency per 106 

cells (Fig. 2.11d). It was also confirmed that Dox, either in free form or nanoparticulate form, did 

not influence the viability of the algae. The mean and median speed of algae-NP(Dox) measured 

from 100 individual algae motors were 108.69 and 108.78 μm/s, respectively, and these values 

were comparable with those of the bare algae (Fig. 2.11, e and f). Furthermore, it was demonstrated 

that the drug release profile of NP(Dox) was not affected by binding to the algae motors (Fig. 

2.11g). After loading onto algae motors, the NP(Dox) payload retained its cytotoxic activity, as it 

was demonstrated that algae-NP(Dox) could inhibit the growth of B16F10 melanoma cell lines in 

vitro (Fig. 2.11h). Algae-NP(Dox) and NP(Dox), both loaded into protective capsules, were then 

administered at the same drug dosage, followed by extraction of the intestines to quantify Dox 

concentration (Fig. 2.11i). Compared with the tissue homogenates of mice administered with 

NP(Dox), the samples from mice receiving algae-NP(Dox) exhibited significantly higher drug 

levels at all of the time points (3, 6, and 9 hours) that were tested. These data further supported the 

benefits of using algae motors with prolonged active self-propulsion to enhance the delivery and 

retention of therapeutic payloads in the small intestinal tissues. Future studies will focus on 

evaluating the potential of algae motors for drug delivery to treat diseases in suitable animal 

models, such as for inflammatory bowel disease and bacterial gastroenteritis. 
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Figure 2.11 Characterization of drug-loaded algae motors. a, Schematic illustration of the 

fabrication process for the algae-NP(Dox) motor. b, Bright-field and fluorescence microscopy 

images visualizing the autofluorescence of algae chloroplasts (red) and DiO-labeled RBC 

membrane (green) to demonstrate the loading of Dox-loaded NPs onto an algae motor. Scale bar, 

5 μm. c, SEM image of an algae motor loaded with NP(Dox). Scale bar, 2.5 μm. Inset shows a 

zoomed-in view corresponding to the dashed red box. Scale bar, 200 nm. d, Quantification of drug 

loading amount and loading efficiency of 1 × 106 algae-NP(Dox) at different Dox inputs (n = 3, 

means ± SD). e,f, Mean (e) and median (f) speed of algae-NP(Dox) motor and bare algae. The 

speed was measured from 100 individual alga. g, The cumulative drug release profiles from the 

algae-NP(Dox) motor and NP(Dox) (n = 3, means ± SD). h, Viability of B16-F10 cancer cell lines 

after 24, 48, and 72 hours of incubation with blank solution, bare algae, NP(Dox), and algae-

NP(Dox) motor (n = 3, means ± SD). i, Quantification of the total Dox content per small intestine 

at different times after administration of the algae-NP(Dox) motor and NP(Dox) in a capsule (n = 

3, means ± SD). Student’s multiple t test, *P < 0.05, **P < 0.01, and ***P < 0.001. 
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2.2.6 In vivo toxicity evaluation of algae motor capsules 

Last, we evaluated the in vivo safety profile of the algae motor capsule platform after oral 

administration. A comprehensive blood chemistry panel and blood cell count were conducted 24 

hours after administration (Fig. 2.12, a and b). Compared with untreated control mice, the levels 

of all serum biochemistry markers and numbers of blood cells (RBCs, white blood cells, and 

platelets) in the mice receiving algae motor capsule treatment remained at normal levels. A longer-

term safety study in which mice were administered with one algae motor capsule on days 0, 2, 4, 

and 6 also yielded the same result, whereby negligible toxicity, indicated by the minor changes in 

metabolic biomarkers and blood cell counts, to the mice was observed. Histological analysis of GI 

tract tissue sections from algae motor-treated mice stained with hematoxylin and eosin (H&E) 

revealed that structural integrity was preserved and that there was no immune cell infiltration into 

the mucosa or submucosa, indicating the lack of an inflammatory response (Fig. 2.12c). There was 

also no observable inflammation or pathological changes on H&E-stained sections from other 

major organs such as the heart, lungs, liver, kidneys, and spleen (Fig. 2.12d). Overall, these results 

suggested that the algae motor capsule platform is safe to use for oral drug administration. 
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Figure 2.12 In vivo safety analysis of algae motors after oral administration. a,b, Comprehensive 

blood chemistry panel (a) and blood cell counts (b) taken from nontreated mice, mice with single-

dose treatment, and mice with multiple-dose treatment (n = 3, means + SD). For single-dose 

evaluation, mice were orally administered with one algae motor capsule on day 0, and blood 

samples were collected on day 1. For multiple-dose evaluation, mice were orally administered with 

one algae motor capsule on days 0, 2, 4, and 6. Blood samples were collected on day 7. The green 

dashed lines indicate the mouse reference ranges of each analyte. c, Representative H&E-stained 

histological sections from different sections of the GI tract from nontreated mice and mice treated 

with the algae motors in a capsule 24 hours after oral administration. Scale bars, 100 μm. d, H&E-

stained histological sections of major organs, including the heart, lungs, liver, kidneys, and spleen, 

from nontreated mice and mice treated with the algae motors in a capsule 24 hours after oral 

administration. Scale bar, 250 μm. 
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2.2.7 Discussion 

The development of microorganism-based micromotors for addressing key health care 

issues is still in its infancy.25 Although various in vitro studies have illustrated the use of bacteria-

based drug delivery systems, there are major risks associated with their in vivo use when 

considering factors such as pathogenicity or immunogenicity.24 As an alternative cell type, 

microalgae are nonpathogenic and have been explored in the development of biohybrid 

systems.36,50 Microalgal swimmers recently have been used as biomedical robotic actuators, 

primarily under in vitro settings.32 Early in vivo studies have mainly focused on the therapeutic 

delivery of algae-derived compounds.51 More recently, a few studies have reported the use of algae 

as drug carriers for in vivo operation.45,52 For example, the spiral structure of Spirulina platensis 

was leveraged to passively prolong retention of curcumin in the intestines for the improved 

treatment of colon cancer and colitis.45 In addition, a magnetic NP-loaded microalgae biohybrid 

imaging system was reported recently, and a swarm of these microswimmers could be externally 

controlled by a magnetic field and tracked using magnetic resonance imaging.50 Despite these 

advances, there have been no studies exploiting the intrinsic self-propulsion of algae for enhanced 

GI delivery. 

In the present study, several key points have been considered to tackle the challenges facing 

algae-based active GI delivery: protection from the harsh acidic environment of the stomach en 

route to the intestines, selection of a suitable algal strain with long-lasting self-propulsion in 

intestinal fluid, and cargo/drug loading capability. By addressing these issues, we demonstrated 

here an algae motor capsule system for effective intestinal targeting and prolonged tissue retention. 

Compared with the short lifetime of current Mg-based micromotors, the algae motors displayed 
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prolonged propulsion in GI fluid toward enhanced local delivery for the treatment of potential GI 

diseases and disorders. To achieve intestinal delivery, we fabricated an enteric-coated capsule 

modified with an inner hydrophobic organosilicon layer to effectively protect encapsulated algae 

from the harsh gastric fluid while maintaining their viability. The capsule fabrication, 

encapsulation, and release processes had a negligible effect on the viability of the algae motors. 

Modifying capsules in the manner described here provides an effective approach for delivering 

motile living organisms in aqueous media to the GI tract. To demonstrate the distinct advantages 

of the platform for in vivo intestinal delivery, we administered algae motor capsules orally, and 

their biodistribution and retention properties were compared with various controls. The algae 

motors displayed broader distribution and stronger retention in the GI tract compared with 

synthetic Mg motors. This was likely mediated by the prolonged motion of the live algae, because 

it was shown that static algae that were incapable of propulsion exhibited considerably less 

retention in the intestines. We also demonstrated that the ability of the algae motor capsule system 

could also be used for the delivery of a model anticancer drug to the GI tract. Moreover, the 

platform displayed a favorable biosafety profile after oral administration. 

The characteristics of the algae motor in a capsule formulation, particularly its long-lasting 

self-propulsion, can be leveraged for microrobotic biomedical applications beyond the treatment 

of GI diseases and disorders, ranging from GI detoxication to imaging and sensing. There are 

several approaches in which algae motors could be improved to enhance their utility for GI 

delivery applications. For example, the incorporation of imaging agents could enable direct 

visualization of algae movement as they operate within the intestines. A recent report described a 

photoacoustic computed tomography–guided microrobotic system for realizing real-time 

navigation and monitoring of synthetic Mg motors in the intestines in vivo.53 In another example, 
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positron emission tomography combined with computed tomography was used to evaluate the 

swarm behavior of enzyme-powered nanomotors in the bladder.17 By conjugating magnetic 

microparticles to the algae surface,32 an external magnetic navigation system could be used to 

precisely guide and track algae motors to target sites. Whereas the current work focused on 

demonstrating the potential of algae motor capsules for enhancing intestinal delivery, future work 

will be required to confirm the therapeutic advantages of the platform in clinically relevant disease 

models, such as those for bacterial GI infection, irritable bowel disease, or colon cancer. 

Microalgae can also be engineered to express biologic payloads that can be produced in situ after 

oral administration.54,55 The properties of the capsules can be tuned to more precisely target 

specific regions of the GI tract.42 Overall, functionalized algae motors, loaded within a protective 

capsule, represent an attractive biohybrid motor system that can be applied across a wide range of 

biomedical applications. 

 

2.2.8 Experimental section 

Algae culture. The green algae C. reinhardtii (strain CC-125 wild-type mt+) were obtained from 

the Chlamydomonas Resource Center. The algae were transferred from the agar plate to TAP 

medium (Thermo Fisher Scientific) and cultured at room temperature under cycles of 12-hour 

sunlight and 12-hour dark. 

Preparation of Mg micromotors. Mg micromotors were fabricated using 20 ± 5–μm commercial 

Mg microparticles (FMW20, Tangshan Weihao Magnesium Powder Co.) as the core. The Mg 

microparticles were washed two times with acetone and dried under an N2 current to remove 
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impurities. Then, ~10 mg of Mg microparticles were dispersed onto glass slides, which were 

previously coated with 100 μl of 0.5% polyvinylpyrrolidone ethanolic solution (Spectrum 

Chemical). A coating of TiO2 was deposited onto the Mg microparticles by atomic layer 

deposition at 100°C for 3000 cycles using a Beneq TFS 200 System, leaving a small opening at 

the contact point between the Mg particles and the glass slide. Last, the Mg micromotors were 

released by gentle scratching from the glass slide. For surface modification with a fluorescent dye, 

0.5 mg of Mg micromotors were first mixed with 0.1% poly-l-lysine (Sigma-Aldrich) aqueous 

solution for 30 min. Then, 2 μg of 5/6-carboxyfluorescein succinimidyl ester (NHS-fluorescein; 

Thermo Fisher Scientific) was mixed with the motors in PBS buffer for 1 hour. The resulting 

fluorescein-labeled Mg micromotors were centrifuged at 3000g for 3 min, washed with ultrapure 

water, and dried for further use. 

Preparation of fluorescent dye–labeled algae. Green algae were washed three times with ultrapure 

water to remove TAP medium and then suspended in HEPES buffer (Thermo Fisher Scientific). 

Then, 2 μg of NHS-fluorescein was added to 1 ml of algae at 2 × 106 per ml and incubated for 1 

hour at room temperature. After dye conjugation, the modified algae were washed three times with 

TAP medium to remove free dye, and then they were suspended in TAP medium for further use. 

Near-infrared dye-labeled algae were prepared with a similar method by replacing NHS-

fluorescein with NHS-Cy7 (Lumiprobe). 

Synthesis of Dox-loaded polymeric NPs. Dox-loaded polymeric NPs were synthesized following 

a published method with slight modification (49). First, 50 μl of 25 mg/ml Dox-HCl (Sigma-

Aldrich) solution was emulsified in 500 μl of a chloroform solution containing PLGA (50 mg/ml; 

50:50, 0.66 dl/g; LACTEL Absorbable Polymers) using a Fisher Scientific FB120 ultrasonic probe 
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sonicator operating at a power of 10 W. The process lasted for 2 min with alternating cycles of 2-

s power on and 2-s power off in an ice bath. Then, the emulsion was transferred to 5 ml of tris-

HCl (Teknova) aqueous solution and sonicated for another 2 min. The emulsion was stirred for 3 

hours to completely remove the chloroform. The NPs were centrifuged at 16,100g for 5 min, 

washed three times with ultrapure water, and lyophilized for further use. NPs loaded with DiI 

(Thermo Fisher Scientific) were prepared using a similar procedure by replacing Dox with the dye. 

Synthesis of cell membrane–coated NPs. RBC membrane–coated NPs were synthesized by a 

membrane cloaking technique (40). RBC membrane was mixed with PLGA cores at a 1:1 

membrane protein to polymer weight ratio. The mixture was sonicated in a Fisher Scientific FS30D 

ultrasonic bath sonicator for 3 min. The NPs were isolated by centrifugation for 5 min at 16,100g 

and washed three times with ultrapure water. To characterize NP morphology, we deposited 

samples onto a carbon-coated 400-mesh copper grid and stained them with 1 weight % of uranyl 

acetate (Electron Microscopy Sciences), followed by imaging on a JEOL 1200 EX II TEM. 

Preparation of algae-NP motors. To attach NPs onto algae, we washed 1 × 107 green algae three 

times with ultrapure water and treated them with 20 μM dibenzocyclooctyne-(polyethylene 

glycol)4-N-hydroxysuccinimidyl ester (DBCO-PEG4-NHS; Click Chemistry Tools) for 1 hour at 

room temperature. The NPs were incubated with 20 μM azide-PEG4-NHS for 1 hour at room 

temperature. Both the algae and NPs were washed five times with ultrapure water to remove the 

unreacted NHS ester. Then, the modified algae and NPs were mixed together and vortexed for 3 

hours to complete the click chemistry reaction. After conjugation, the resulting algae-NP motors 

were separated by centrifugation for 3 min at 500g, washed three times with TAP medium, and 

resuspended in TAP medium for further use. NP(Dox) conjugation onto the algae followed a 
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similar method by replacing NPs with NP(Dox). To evaluate the NP(Dox) loading efficiency, we 

conjugated algae motors at 1 × 106/ml to NP(Dox) with Dox content at different concentrations 

(6.25, 12.5, 25, and 50 μg/ml). After fabrication of the algae-NP(Dox) motor, Dox content in 

unbound NP(Dox) was quantified by measuring the absorbance at 480 nm using a ultraviolet-

visible spectrometer. The Dox loading amount on the algae motor was calculated by subtracting 

the unbound Dox from the Dox input. 

Phototaxis of algae-NP motors. Phototaxis studies were conducted in three-dimensional printed 

microfluidic channels with a 5-mm by 4-mm by 2-mm chamber. Before testing, the channel was 

prefilled with 50 μl of TAP medium. Then, the algae-NP motors were added to one side of the 

channel, whereas the other side was illuminated using a light-emitting diode white light for 500 s. 

As a control, algae motors were added to one side without a light source on the other side. Time-

lapse videos were recorded at 10 s per frame using an Invitrogen EVOS FL fluorescence 

microscope with a 2× objective. 

Influence of Dox on algae viability. To evaluate the influence of free drug, we suspended algae 

motors at 1 × 106/ml into solutions containing different concentrations (0, 5, 10, and 25 μg/ml) of 

Dox. After 24 hours of incubation, each sample was collected, washed three times with ultrapure 

water to remove free drug, and resuspended into ultrapure water. Next, the samples were stained 

in 5 μM SYTOX fluorescent probe (Thermo Fisher Scientific) to measure algae viability. A similar 

method was used to test the viability of algae after conjugation of NP(Dox). 

In vitro anticancer activity of algae-NP(Dox) motors. B16-F10 mouse melanoma cell lines (CRL-

6475, American Type Culture Collection) were seeded into a 96-well plate at 5 × 104 per well and 

further incubated with free Dulbecco’s modified Eagle’s medium, free Dox, free algae, and algae-
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NP(Dox) motors for 24, 48, and 72 hours. All drug-containing wells used the same Dox 

concentration of 50 μg/ml. An MTS assay (Promega) was used to evaluate the cell viability per 

the manufacturer’s protocol. 

Algae motility analysis. To evaluate their motion, we suspended unmodified algae motors, 

fluorescein-conjugated algae motors, and algae-NP motors in SIF (RICCA Chemical). Then, the 

algae were observed at 0 min, 5 min, 15 min, 30 min, 4 hours, and 12 hours at room temperature 

(22°C). In a separate experiment, algae were observed at 0 min, 5 min, 10 min, 15 min, 4 hours, 

and 12 hours at body temperature (37°C). For Mg micromotor motion analysis, the motors were 

uniformly dispersed on a glass slide, followed by addition of SIF solution. Motion was evaluated 

at the same time points as above, and SIF was continuously supplemented to prevent the motors 

from drying. To test the influence of NP(Dox) on motility, we measured the motion of algae-

NP(Dox) motors in SIF. To evaluate the operation of algae motors in a mucus-rich environment, 

we analyzed their motion behavior in a simulated porcine small intestinal mucus containing mucin 

(20 mg/ml; Alfa Aesar) (43). Bright-field movies were captured by a Nikon Eclipse Ti-S/L100 

inverted optical microscope coupled with different objectives (10× and 20×) and a Hamamatsu 

digital camera C11440. Meanwhile, fluorescent movies were captured using a Sony RX100 V 

camera on an Invitrogen EVOS FL fluorescence microscope with different objectives (20× and 

40×) in two fluorescence channels, green fluorescent protein (GFP) and red fluorescent protein, 

corresponding to fluorescein and DiI. An NIS Element tracking module was used to measure the 

speed of the motors in SIF. 

Characterization of algae-NP motors. To confirm NP binding on the surface of the algae motors, 

we labeled the RBC membrane on the NPs beforehand with DiO (Thermo Fisher Scientific). 
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Fluorescence microscopy images were captured by using an Invitrogen EVOS FL microscope in 

two fluorescence channels, Cy5 and GFP, corresponding to the autofluorescence of the algae and 

DiO. To further confirm the structure of algae-NP motors, we performed SEM to visualize their 

morphology. The algae-NP motors were first fixed with a 2.5% glutaraldehyde solution (Sigma-

Aldrich) overnight at 4°C and then washed three times with ultrapure water. The samples were 

sputtered with palladium for imaging on a Zeiss Sigma 500 SEM instrument using an acceleration 

voltage of 3 kV. 

Fabrication of algae motor capsules. Mouse-specific size M gel capsules were supplied by Torpac. 

To perform the hydrophobic inner coating, we prepared 4% (w/w) of OTMS (Tokyo Chemical 

Industry) solution in pure ethanol and stirred it at room temperature for 2 hours. An insulin syringe 

was used to fill the capsule with ~4 μl of the OTMS solution, followed by a curing process at 

120°C for 1 hour to completely evaporate the solvent. This process was repeated for up to 10 times 

to add more coating layers, and the capsules were stored at room temperature. For algae motor 

encapsulation, 4 μl of algae at a concentration of 2.5 × 105 per μl in TAP medium was slowly 

injected into the capsule using a primed syringe pump. After algae encapsulation, the commercial 

enteric coating polymer Eudragit L100-55 (Evonik Industries) was selected to coat the capsule for 

protection from gastric acid. First, the enteric coating polymer was dissolved at 7% (w/v) in ethanol 

solution by stirring at room temperature overnight. The capsules were then immersed into the 

enteric coating solution with a dip-coating approach, followed by solvent evaporation for a total 

of three times. After enteric coating, the capsules were stored at room temperature. To evaluate 

the release of algae motors from the capsule formulation, we immersed the loaded capsules either 

into SGF at pH 1.5 comprising 0.2% (w/w) sodium chloride and 0.31% (w/w) hydrochloric acid 

or into SIF at pH 6.8 containing 0.68% (w/w) potassium dihydrogen phosphate and 0.15% (w/w) 
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sodium hydroxide under stirring at 700 rpm. For biodistribution studies, the static algae control (1 

× 106), fluorescein-conjugated algae (2 × 106), fluorescein-labeled Mg motors (0.5 mg), and algae-

NP(Dox) motors (5 μg of Dox) were encapsulated by a similar process. To generate the static algae 

control, we rapidly treated live algae with 0.5 M acetic acid to remove their flagella. To quantify 

the autofluorescence of algae motor and static algae samples, we used a Tecan Infinite M200 plate 

reader. 

Animal care. Mice were housed in an animal facility at the University of California San Diego 

(UCSD) under federal, state, local, and National Institutes of Health (NIH) guidelines. Six-week-

old CD-1 male mice were purchased from Charles River Labs. Mice were maintained in standard 

housing with cycles of 12-hour light and 12-hour dark, ambient temperature, and normal humidity. 

All animal experiments were performed in accordance with NIH guidelines and approved by the 

Institutional Animal Care and Use Committee of UCSD. 

Pharmacokinetics and biodistribution studies. To characterize the biodistribution of algae motors, 

we fed male CD-1 mice an alfalfa-free diet (LabDiet, St. Louis, MO, USA) starting 1 week before 

the experiments. To compare the biodistribution between fluorescein-labeled algae motors (2 × 

106) and Mg-based motors (0.5 mg), we administered mice with the corresponding capsules 

containing the motors labeled with equal amounts of dye. To evaluate the influence of active 

propulsion and capsule protection, we administered mice with encapsulated active algae (1 × 106), 

encapsulated static algae (1 × 106), unencapsulated active algae (1 × 106), or PBS by oral gavage. 

The mice were euthanized at 5 hours after administration. The entire GI tracts were then collected, 

rinsed with PBS, and imaged using a Xenogen IVIS 200 system. For quantitative fluorescent 

measurements, the collected tissues were weighed and then homogenized in PBS. The fluorescent 
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signals were quantified using a Tecan Infinite M200 plate reader. To evaluate drug retention, we 

administered male CD-1 mice with algae-NP(Dox) motor capsules (5 μg of Dox), NP(Dox) 

capsules (5 μg of Dox), and PBS via oral gavage. At 3, 6, and 9 hours after oral administration, 

the GI tracts were then collected, weighed, and then homogenized in PBS. The amount of Dox was 

quantified using a Tecan Infinite M200 plate reader based on absorbance readings at 480 nm. 

In vivo safety studies. Mice were euthanized at 24 hours after oral administration of TAP medium 

or encapsulated algae motors (1 × 106). For the comprehensive metabolic panel, aliquots of blood 

were allowed to coagulate, and the serum was collected by centrifugation. To obtain blood cell 

counts, we collected whole blood into potassium EDTA collection tubes (Sarstedt). For long-term 

safety, mice were administered algae motors in a capsule on days 0, 2, 4, and 6, and they were 

euthanized for analysis on day 7. Laboratory tests were performed by the UCSD Animal Care 

Program Diagnostic Services Laboratory. To perform the histological analysis, we sectioned 

different parts of the GI tract and major organs and stained them with H&E (Leica Biosystems), 

followed by imaging using a Hamamatsu Nanozoomer 2.0-HT slide scanning system. 

Statistical analysis. All experiments were repeated as independent experiments several times, as 

shown by the figure captions. The results are reported as means ± SD. A two-tailed, Student’s t 

test was used for testing the significance between two groups. A one-way analysis of variance 

(ANOVA) with Dunnett’s test was performed to test the significance for multiple comparisons. 

Statistical significance is indicated as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. 

No data were excluded from the analysis. Samples were randomly allocated to different 

experimental groups. Organisms were cultured and maintained in the same environment and 
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randomly allocated to each group. Investigators were not blinded during data collection and 

analysis. 

 

Chapter 2.2, in full, is a reprint of the material as it appears in Science Robotics, 2022, by 

Fangyu Zhang, Zhengxing Li, Yaou Duan, Amal Abbas, Rodolfo Mundaca-Uribe, Lu Yin, Hao 

Luan, Weiwei Gao, Ronnie H. Fang, Liangfang Zhang, Joseph Wang. The dissertation author was 

the primary investigator and author of this paper. 
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2.3 Acidophilic microalgae microrobots for targeted gastrointestinal delivery 

2.3.1 Introduction 

The operation and navigation of robots in extreme environments have been listed as one of 

the ten grand challenges facing robotics in the next decade1. Recent robotic research along these 

lines has focused primarily on developing macroscale robots for operation in challenging 

environments, such as deep oceans with high pressure2, polar regions with low temperature3, and 

deserts with high temperature4. Upon scaling to the microscale regime, robots face additional 

challenges associated with propulsion in a low Reynolds number medium. Over the past decade, 

various microrobotic platforms have been developed to meet the propulsion requirements for 

diverse biomedical and environmental applications using three motion mechanisms, including 

energy harvesting from external fields5-9, reaction with fuels present in the local surroundings10-15, 

or utilizing the intrinsic motility and natural taxis behavior of living biological organisms16-20. 

Microrobotic platforms can provide distinctive advantages for in vivo operations by leveraging 

their active propulsion to deliver therapeutics to specific sites within the body21-26. Notably, 

micromotors have recently emerged as powerful tools for effective oral drug delivery, helping to 

address several limitations of traditional oral drug formulations such as poor drug absorption, short 

retention, and low bioavailability27,28.  However, the extended operation of micromotors in the 

highly acidic gastric environment is still challenging and requires the development of innovative 

solutions29.  

Although several studies have aimed at integrating self-actuating mechanical devices in 

millimeter-sized robotic pills for application in the harsh conditions of the GI tract30-32, effective 

and long-term operation of micromotors in an extremely acidic medium (pH < 3) remains highly 
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challenging owing to its ability to corrode or degrade various types of micromotor platforms. There 

are only few reports on the influence of extremely acidic conditions on the movement of 

micromotors. For example, coating magnetically powered microswimmers with Al2O3 films was 

reported to enhance their propulsion in acidic conditions33. Al/Pd spherical micromotors were 

shown to operate in a wide range of pH conditions34. Finally, the self-propulsion of zinc 

microrockets and magnesium-based Janus micromotors in the gastric environment has led to 

enhanced therapeutic GI delivery35,36.  Although synthetic micromotors have demonstrated utility 

for GI applications, their short lifetimes in acidic conditions limit their practical use to only short 

segments within the GI tract. Prolonged operation in the gastric and intestinal fluid can endow 

micromotors with the ability to actively drive therapeutic payloads to widely distributed areas over 

the entire GI tract and enhance the dispersion and retention of drugs for treating diseases and 

disorders. It is clear that realizing efficient and prolonged micromotor operation in a highly acidic 

medium remains an important unmet need, particularly for biomedical applications in the gastric 

environment.   

In this work, we demonstrate an extremophile-based biohybrid micromotor capable of 

continuous and prolonged operation in extremely low pH environments. Many extremophiles, 

capable of surviving under extreme physical or chemical conditions, are found in some of the 

harshest environments on earth37. Among them, acidophilic microalgae have been shown to 

support the ecosystems of extremely acidic environments scattered around the globe associated 

with sulfur springs, volcanic vents, and acid mine drainages38. Such acidophilic algae evolved from 

their respective neutrophilic ancestors to thrive at low pH by reducing their proton influx and 

increasing their proton pump efficiency39,40. Here, we demonstrated the efficient and prolonged 

motion behavior of acidophilic algae in strong hydrochloric acid down to pH 1 and their 
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tremendous potential for microrobotic gastrointestinal (GI) delivery applications. Specifically, we 

relied on Chlamydomonas pitschmannii, an acidophilic alga isolated from an acid mine drainage41. 

C. pitschmannii displayed a negligible change in speed over an extremely broad pH range, from 

pH 1 to 10, compared to the neutrophilic alga Chlamydomonas reinhardtii, which was incapable 

of swimming in acidic medium (pH < 4) and rapidly degraded (Fig. 2.13a,b). Notably, the 

movement of C. pitschmannii in acidic medium was maintained over an extended period of at least 

72 h (Fig. 2.13c). We further evaluated the performance of the acidophilic biomotors in gastric 

fluid (pH 1.5) and intestinal fluid (pH 6.5) and tracked their in vivo biodistribution to establish 

their potential for biomedical applications involving GI tract delivery (Fig. 2.13d,e). 

Multifunctional biohybrid algae motors were fabricated by decorating the acidophilic algae with 

polymeric nanoparticles, which were loaded with a green fluorescent dye for visualization 

purposes (Fig. 2.13f). The binding between nanoparticles and C. pitschmannii algae was clearly 

observed by electron microscopy (Fig. 2.13g). Finally, by tuning the surface properties of the 

cargo, selective targeting to the stomach or broad GI tract delivery could be achieved. The effective 

and long-term movement of cargo-loaded acidophilic algae motors over a wide range of pH 

conditions, including harsh acidic media, along with their strong retention in the GI tract, suggests 

that the platform holds considerable promise for future biomedical applications in the GI tract. 

Further work on extremophile-based multifunctional biohybrid micromotors could lead to the 

development of novel microrobotic platforms capable of excelling in a variety of harsh 

environments. 
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Figure 2.13 Schematics of acidophilic algae micromotors for biomedical applications. a. 

Acidophilic algae motors are capable of prolonged motion in both neutral and acidic environments, 

whereas neutrophilic algae are incapable of operating in highly acidic environments. b. The 

relative speed of acidophilic algae and neutrophilic algae over a range of pH values compared to 

their speed in optimal culture conditions (modified acidic medium at pH 3.5 for acidophilic algae; 

TAP at pH 7 for neutrophilic algae). c. 2D motion trajectories of acidophilic algae motors over a 

period of 1 s before and 72 h after swimming in HCl at pH 1.5. d. Acidophilic algae motors can 

operate throughout the entire GI tract for in vivo delivery applications. e. Representative 

biodistribution of acidophilic algae motors in the GI tract at 2 h after administration by oral gavage. 

f. 1-second motion trajectory of acidophilic algae-based biohybrid motors carrying dye-labeled 

nanoparticles in HCl at pH ~1.5. Scale bar, 10 μm. g. Representative pseudocolored scanning 

electron microscopy image of a nanoparticle-functionalized acidophilic algae motor. Scale bar, 1 

μm. 
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2.3.2 Motion behavior of acidophilic algae 

C. pitschmannii CPCC 354 was selected as a model acidophilic algae strain, and its 

swimming behavior was characterized in extremely acidic conditions. To evaluate their movement, 

the algae were cultured in a modified acidic medium (MAM)42 (pH 3.5) to a density of 1 × 106/ml, 

followed by transfer to hydrochloric acid for speed measurement. The algae exhibited constant 

swimming with a speed of 95-105 μm/s (corresponding to ~10 body length/s) in an extremely 

acidic environment at pH 1.5 (Fig. 2.14a). Their movement was also tracked over a 5 s period 

under the same condition in order to visualize a representative trajectory (Fig. 2.14b). When 

investigating the tolerance range of the algae to extreme acid, we found that they displayed a 

significant decrease in speed and loss of activity after 1 h of motion at pH 1 (Fig. 2.14c). 

Furthermore, the effect of the anion was evaluated by immersing the algae in different common 

strong acids (HCl, H2SO4, and HNO3) adjusted to pH 1.5 (Fig. 2.14d). The detrimental effect of 

nitric acid on the algae motion could be explained by its strong oxidizing capacity compared to the 

other two acids.  

Interestingly, we observed that the acidophilic algae could not only resist extreme acidic 

conditions (pH < 3), but they were also able to survive in neutral and alkaline environments (Fig. 

2.14e). After 30 min of adaptation, the acidophilic algae displayed efficient movement across a 

broad pH range from 1 to 10 (Fig. 2.14f). In comparison, a model neutrophilic algae C. reinhardtii, 

which have been commonly used as microorganism-based micromotors for various environmental 

and biomedical applications17,20,26,43, were unable to tolerate extreme acidic pH and could swim 

only over a narrow pH range between 5 to 8 (Fig. 2.14f). The contrast between the two types of 

algae was further highlighted by visualizing their trajectories at pH 1.5, 4, and 7 after various 
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periods of time (Fig. 2.14g,h). Only slight speed differences were observed for the acidophilic 

algae at all pH values after 24 h, whereas the motility of neutrophilic algae rapidly diminished at 

pH 1.5 and 4. 

 

Figure 2.14 Motion behavior of acidophilic algae biomotors in extremely acidic conditions. a. 

Speed of acidophilic algae biomotors at different timepoints (0, 1, 2, 4, 8, and 24 h) in HCl at pH 

1.5. b. The representative trajectory of an acidophilic alga biomotor over a period of 5 s in HCl at 

pH 1.5. Scale bar, 100 μm. c. Swimming speed of algae biomotors upon 1 h of exposure to HCl at 

pH 1, 1.5, and 2 (n = 100, mean + s.d.). d. Swimming speed of acidophilic algae biomotors in 

different acidic mediums (HCl, H2SO4, and HNO3) at pH 1.5 (n = 100, mean + s.d.). e. Viability 

of acidophilic algae in different media at pH values from 1 to 11 (n = 3, mean + s.d.). f. Speed 

comparison of acidophilic algae with neutrophilic algae at pH between 0 to 11 (n = 100, mean ± 

s.d.). Speed was measured from 100 individual algae. g,h. Representative trajectories over a period 
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of 2 s for acidophilic algae (g) and neutrophilic algae (h) after various durations (0 h, 4 h, and 24 

h) of exposure to HCl at pH 1.5, 4, and 7. Scale bar, 50 μm. 

 

2.3.3 Biodistribution and retention of acidophilic algae in the GI tract 

The oral route of administration is the most common approach for drug delivery to treat GI 

disease44. A major challenge of GI delivery is overcoming the physiological barrier caused by the 

extreme acidity within the stomach. To investigate the potential of acidophilic algae biomotors for 

improved GI delivery, we first tested their motion ability and viability in vitro in simulated gastric 

(pH ~1.5) and intestinal (pH ~6.5) fluids. They exhibited good adaptation in both physiological 

fluids, and their self-propulsion (~100 μm/s) was unaffected after 8 h of constant movement, 

indicating great promise for in vivo GI operation. In comparison, the neutrophilic algae lost their 

motion ability rapidly upon transfer from the culture medium to gastric fluid at room temperature. 

We also observed for any changes in morphology using electron microscopy after incubation in 

strong gastric acid. The acidophilic algae displayed an intact structure after 2 h of motion, whereas 

the neutrophilic algae were structurally damaged after the same period of time. To further mimic 

the physiological conditions in the stomach45, we assessed the speed and lifetime of acidophilic 

algae in simulated gastric fluid containing 1 mg/ml of pepsin at body temperature (37 ℃) and 

found that the algae maintained speeds of 65 μm/s and 35 μm/s after 1 h and 2 h of incubation, 

respectively. These results supported the potential of the acidophilic algae for active transport 

throughout the GI tract, whereas the regular neutrophilic algae would be unable to traverse the 

harsh acidic medium in the stomach. 
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Next, we demonstrated the distinct advantages of acidophilic algae biomotors for GI 

delivery by examining their biodistribution and retention after oral administration using a murine 

model. Ex vivo fluorescence imaging was conducted to determine the influence of acid tolerance 

on algae localization within the GI tract (Fig. 2.15a-c). In order to visualize and track the algae, 

their surfaces were covalently bound with the near-infrared fluorescent dye Cy7 (λex/λem = 750 

nm/773 nm)46, which did not hinder their motion behavior in GI fluid. Before oral gavage, we 

confirmed that the dye-conjugated acidophilic algae, neutrophilic algae, and alkaline-treated static 

acidophilic algae were similar in number and fluorescence intensity. At various timepoints (0.5 h, 

2 h, 5 h, 10 h, and 24 h) after oral administration, the mice were euthanized, and their GI tracts 

were isolated to visualize the location of algae. As shown in Fig. 3a, the acidophilic algae displayed 

a strong signal throughout the entire GI tract, showing sustained retention in the stomach as well 

as wide distribution in the lower GI tract within the first 5 h. In comparison, the signals from the 

neutrophilic algae (Fig. 2.15b) and the static acidophilic algae (Fig. 2.15c) diminished rapidly 

within 2 h after administration. These results emphasized the importance of the acid tolerance and 

self-propulsion properties of acidophilic algae, which enabled efficient operation in the stomach 

and effective distribution in the lower GI tract. The visual observations were further corroborated 

by quantifying the total radiant efficiency in the stomach (Fig. 2.15d) or in the small intestine and 

colon (Fig. 2.15e) at different timepoints.  
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Figure 2.15 Biodistribution of acidophilic algae biomotors in the GI tract. a-c. Mice were orally 

gavaged with Cy7-labeled acidophilic algae (a), Cy7-labeled neutrophilic algae (b), or Cy7-labeled 

static acidophilic algae (c), and distribution in the GI tract was visualized over time. d,e. 

Measurement of the fluorescence intensity in the stomach (d) or small intestine and colon (e) at 

different timepoints (0.5 h, 2 h, 5 h, 10 h, and 24 h) after oral gavage (n = 3, mean + s.d.). 

 

2.3.4 Biosafety of acidophilic algae in GI 

To assess the safety of the acidophilic algae, we evaluated their toxicity profile both systemically 

and locally in the lower GI tract. A treatment dosage of 1 × 107 acidophilic algae was orally 

administered to mice, while untreated mice served as controls. A comprehensive blood chemistry 

panel and blood cell count were conducted 24 h afterward (Fig. 2.16a,b). There was no statistical 
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difference between the untreated control and the algae treatment group in any of the 14 blood 

parameters and blood cell populations that were analyzed. Hematoxylin and eosin (H&E)-stained 

histological sections showed that the stomach and intestinal mucosa or submucosa maintained their 

integrity without any lymphocyte infiltration or signs of inflammation (Fig. 2.16c). Finally, 

histological analysis of the major organs, including the heart, liver, spleen, lungs, and kidneys, was 

performed (Fig. 2.16d). The appearance of all the organs was normal compared to healthy mice. 

Further studies will be required to comprehensively evaluate the impact of algae administration on 

other immune parameters, both local and systemic, across multiple timescales. 
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Figure 2.16 In vivo safety evaluation of acidophilic algae. a. Comprehensive blood chemistry 

panel for untreated mice or mice at 24 h after treatment with acidophilic algae micromotors (n = 

3, mean + s.d.). Abbreviations: ALB, albumin; ALP, alkaline phosphatase; ALT, alanine 

transaminase; AMY, amylase; TBIL, total bilirubin; BUN, blood urea nitrogen; Ca, calcium; 

PHOS, phosphorus; CRE, creatinine; GLU, glucose; Na+, sodium; K+, potassium; TP, total 

protein; GLOB, globulin (calculated). b. Counts for various blood cells taken from untreated mice 

or mice at 24 h after treatment with acidophilic algae micromotors (n = 3, mean + s.d.). 

Abbreviations: WBC, white blood cells; RBC, red blood cells; PLT, platelets. c. Representative 

hematoxylin and eosin (H&E)-stained histology sections of different portions of the GI tract from 

untreated mice or mice at 24 h after treatment with acidophilic algae micromotors. Scale bar, 100 

μm d. Representative H&E-stained histology sections of major organs from untreated mice or mice 

at 24 h after treatment with acidophilic algae micromotors. Scale bar, 100 μm. 
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2.3.5 Stomach delivery with acidophilic algae motors 

Upon confirming the biodistribution and safety of acidophilic algae for GI administration, 

we evaluated the feasibility of leveraging them for cargo delivery. Poly(lactic-co-glycolic acid) 

(PLGA) nanoparticles were chosen as the model payload since they are attractive for therapeutic 

delivery applications with properties such as controlled and sustained drug release, high drug 

loading yield, and low toxicity47. To fabricate the acidophilic algae biohybrid motors, positively 

charged poly-l-lysine (PLL)-coated PLGA nanoparticles (denoted ‘PLLNP’) were attached to the 

negatively charged acidophilic algae surface via electrostatic interaction, thus generating PLLNP-

loaded acidophilic algae biohybrid motors (denoted ‘acido-algae-PLLNP’) (Fig. 2.17a). The 

surface coating on the PLGA core was first optimized by tuning the incubation time between the 

nanoparticles and the PLL polyelectrolyte to yield PLLNP with a strong positive surface charge. 

The determination of zeta potential at different pH values is important for complexing two 

materials based on electrostatic interactions48. To this end, the surface charge of bare acidophilic 

algae and PLLNP was evaluated at pH values ranging from 1 to 11. It was found that the PLL 

coating could promote the effective binding of PLGA nanoparticles to algae at neutral pH, which 

was visualized by fluorescence microscopy (Fig. 2.17b). The algae were uniformly surrounded by 

3,3'-dioctadecyloxacarbocyanine perchlorate (DiO; λex/λem = 484 nm/501 nm)-loaded PLLNP. 

A pseudocolored scanning electron microscopy (SEM) image illustrated the attachment of the 

nanoparticles onto the algae cell surface (Fig. 2.17c). The motion behavior of the acido-algae-

PLLNP was characterized by measuring their speed under extreme acidic conditions at pH 1.5 

(Fig. 2.17d). The decreased speed of the acido-algae-PLLNP (~50 μm/s) compared to bare 

acidophilic algae (~100 μm/s) could be attributed to the influence of the positively charged cargo 

on the flagella, as indicated by inconsistent (zigzag trajectory) movement patterns (Fig. 2.17e).  
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Next, we evaluated the gastric cargo delivery ability of the acido-algae-PLLNP biohybrid 

motors. A near-infrared dye, 1,1'-dioctadecyl-3,3,3',3'-tetramethylindotricarbocyanine iodide 

(DiR, λex/λem = 748 nm/780 nm), was encapsulated into PLLNP as a model payload. Prior to the 

animal studies, an in vitro study was conducted to assess the stability of cargo loading on the 

biohybrid motors. In the acido-algae-PLLNP formulation, released dye or unbound nanoparticles 

were hardly detected even after 24 h of incubation in HCl (pH 2) or simulated gastric fluid (pH 

1.5), indicating highly stable cargo binding to the algae via electrostatic interactions, hydrogen 

bonding between PLL and the diverse functional groups present on the algae surface, and physical 

entrapment of nanoparticles by the highly porous structure of the algae cell wall. Then, acido-

algae-PLLNP and PLLNP control (without algae) were orally administered to mice to study their 

biodistribution and retention. After 2 h, 5 h, and 10 h, the mice were euthanized, and their GI tracts 

were isolated for ex vivo imaging (Fig. 2.17f). Both acido-algae-PLLNP and PLLNP were mainly 

located in the stomach, which is attributed to the mucoadhesive property of the positively charged 

PLLNP44. However, the motion of the biohybrid motors enabled a higher chance of contact 

between the nanoparticles and the luminal lining, facilitating efficient cargo retention in the 

stomach. Such accumulation can be used to improve drug delivery and enhance tissue penetration, 

as was demonstrated previously using micromotors for oral vaccine delivery49. Quantification of 

the fluorescence intensity within the stomach supported the greatly improved retention of PLLNP 

when delivered by acido-algae-PLLNP biohybrid motors as opposed to in free form within the 

first 5 h after oral gavage (Fig. 2.17g).  
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Figure 2.17 Acido-algae-PLLNP biohybrid motors for stomach delivery. a. Loading of PLLNP 

onto acidophilic algae motors by electrostatic interaction. b. Fluorescence microscopy images of 

acido-algae-PLLNP biohybrid motors. Red: acidophilic algae (chloroplast autofluorescence). 

Green: PLLNP (DiO). Scale bar, 20 μm. c. Pseudocolored SEM images of an acido-algae-PLLNP 

biohybrid motor. Scale bar, 1 μm. d. Speed comparison of acido-algae-PLLNP and bare 

acidophilic algae (denoted ‘acido-algae’ in the figure) at pH 1.5 (n = 20, mean + s.d.). e. 

Representative trajectories of the acido-algae-PLLNP biohybrid motor over a period of 3 s in HCl 

at pH 1.5. Scale bar, 10 μm. f. Ex vivo imaging of the GI tract at 2 h, 5 h, and 10 h after oral 

administration of acido-algae-PLLNP (i) or PLLNP (ii). g. Fluorescence intensity of DiR dye 

delivered by acido-algae-PLLNP or PLLNP in the stomach at 2 h, 5 h, and 10 h after oral gavage 

(n = 3, mean + s.d.). 
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2.3.6 Entire GI delivery with acidophilic algae motors 

After confirming effective cargo delivery to the stomach by using mucoadhesive PLLNP 

attached to the surface of acidophilic algae motors, we sought to evaluate whether the acidophilic 

algae could be used to transport cargo throughout the entire GI tract given their effective 

distribution shown in Fig. 3. Instead of using positively charged PLLNP, we elected to employ 

PLGA cores with a cell membrane coating, which endows versatile surface functionality and 

biomimetic properties to nanocarriers50. Red blood cell membrane-coated PLGA nanoparticles 

(denoted ‘RBCNP’) were prepared based on a previously established protocol51. The 

hydrodynamic size and zeta potential of RBCNP were characterized by dynamic light scattering, 

indicating the slight increase in size and negative charge after membrane coating.  The RBC 

membrane coating onto the PLGA surface was further verified by transmission electron 

microscopy (TEM), showing an intact core-shell structure. To achieve loading of RBCNP onto 

algae, a bioorthogonal conjugation approach using copper-free click chemistry was employed52 

(Fig. 2.18a). Briefly, the algae and RBCNP were separately functionalized with 

dibenzocyclooctyne-(polyethylene glycol)4-N-hydroxysuccinimidyl ester (DBCO-PEG4-NHS) 

and azido-PEG4-NHS ester, respectively. The two components were then conjugated together by 

leveraging these newly introduced functional groups. The attachment of RBCNP to acidophilic 

algae (denoted ‘acido-algae-RBCNP’) was validated by a pseudocolored SEM image (Fig. 2.18b) 

and fluorescent imaging, confirming the effective binding between DiO dye-labeled RBCNP and 

the algal surface (Fig. 2.18c). Importantly, the covalent binding of RBCNP had minimal effects on 

the motion behavior (speed and tracking pattern) of the algae motors (Fig. 2.18d,e). After 24 h of 

incubation in acidic fluid, 90% of the fluorescence intensity of DiR-loaded RBCNP onto the algae 
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surface was preserved, indicating the high binding stability between acidophilic algae and RBCNP 

in a harsh acidic environment. 

Next, we evaluated the feasibility of using acido-algae-RBCNP biohybrid motors for 

delivery throughout the GI tract. DiR was loaded into RBCNP as a model payload to track 

nanoparticle localization at different GI sites in vivo. At 2 h, 5 h, and 10 h after oral administration 

of acido-algae-RBCNP and free RBCNP (without algae) with a similar amount of DiR loading, 

the GI tract was excised for ex vivo fluorescence imaging (Fig. 2.18f). Due to their acid tolerance 

and movement capabilities, the acido-algae-RBCNP motors were able to transport the RBCNP to 

the entire GI tract as opposed to only the stomach. The fluorescent signals from the active 

biohybrid motor group were more substantial in both the stomach and the small intestine at 2 h 

and remained stronger at 5 h and 10 h when compared with the free RBCNP group. Importantly, 

it should be noted that the 10 h cargo retention facilitated by the biohybrid motors was much longer 

than the gastric emptying time of a fluid meal53. A similar trend of improved GI payload retention 

by acido-algae-RBCNP was confirmed when quantifying the fluorescent signals, with 2-fold and 

1.5-fold enhancement at 2 h and 5 h after oral gavage, respectively (Fig. 2.18g). These results 

confirmed that controlling the surface properties of the nanoparticle payload could selectively 

position the biohybrid motors in different regions of the GI tract. 
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Figure 2.18 Acido-algae-RBCNP biohybrid motors for entire GI tract delivery. a. Loading of 

RBCNP onto acidophilic algae motors via click chemistry. b. Pseudocolored SEM image of an 

acido-algae-RBCNP biohybrid motor. Scale bar, 1 μm. c. Representative fluorescence microscopy 

images of an acido-algae-RBCNP biohybrid motor. Red: acidophilic algae (chloroplast 

autofluorescence). Green: RBCNP (DiO). Scale bar, 10 μm. d. Speed comparison of acido-algae-

RBCNP and bare acidophilic algae (denoted ‘acido-algae’ in the figure) at pH 1.5 (n = 20, mean 

+ s.d.). e. Representative trajectories of acido-algae-RBCNP biohybrid motor over a period of 3 s 

in HCl at pH 1.5. Scale bar, 50 μm. f. Ex vivo imaging of the GI tract at 2 h, 5 h, and 10 h after 

oral administration of acido-algae-RBCNP (i) or RBCNP (ii). g. Fluorescence intensity of DiR dye 

delivered by acido-algae-RBCNP or RBCNP in the entire GI at 2 h, 5 h, and 10 h after oral gavage 

(n = 3, mean + s.d.). 
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2.3.7 Discussion 

In summary, we have reported on the first extremophile-based algae biohybrid motor for 

application in harsh conditions such as acidic biological fluid. Acidophilic C. pitschmannii algae 

were chosen based on their ability to effectively swim in highly acidic conditions. The unique 

adaptability and long-lasting self-propulsion of the acidophilic algae over a wide pH range (1.5-

10) provided the natural micromotor essential flexibility for efficient performance in both gastric 

and intestinal fluid. In a murine model, oral administration of the acidophilic algae resulted in 

improved GI distribution and retention compared to neutrophilic algae and static acidophilic algae 

controls. By functionalizing the algae with cargo-loaded PLGA nanoparticles via different 

conjugation approaches, the resulting multifunctional biohybrid micromotors were able to 

facilitate cargo delivery to the stomach or the entire GI tract in vivo. Once inside the GI tract, the 

PLGA nanoparticles provide controlled and sustained drug release through the hydrolytic cleavage 

of their polyester backbones54. While the current surface attachment strategies were effective for 

loading drug onto the algae motors, other approaches such as the incorporation of small-molecule 

drugs inside the algae could be explored55. In addition, various drug payloads, including 

chemotherapeutics and biologics, could be incorporated to improve their therapeutic activity for 

local GI diseases56. Long-term biosafety monitoring needs to be performed prior to the clinical 

studies of the biohybrid motors to verify their lack of immunogenicity and toxicity. Looking 

forward, we envision decoration of the acidophilic algae with multiple functional units, including 

therapeutics, contrast agents, targeting moieties, and magnetic particles to create multifunctional 

microrobotic platforms with accurate maneuverability for targeted GI drug delivery. Overall, 

extremophile-based biohybrids offer considerable promise and open the door for diverse 

applications in harsh and inhospitable environments that are unsuitable for traditional microrobots. 
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2.3.8 Experimental section 

Algae culture. The acidophilic algae Chlamydomonas pitschmannii (strain CPCC-354 wild-type) 

were obtained from the Canadian Phycological Culture Centre (CPCC). The algae were transferred 

from their original medium to modified acid medium (MAM, CPCC) and cultivated at room 

temperature under cycles of 12 h sunlight and 12 h darkness. The neutrophilic algae 

Chlamydomonas reinhardtii (strain CC-125 wild-type mt+) were obtained from the 

Chlamydomonas Resource Center. The algae were transferred from the agar plate to tris-acetate-

phosphate (TAP) medium (Thermo Fisher Scientific) and cultured under the same conditions. 

Preparation of dye-conjugated acidophilic algae. Acidophilic algae were transferred from the 

culture medium to 1× phosphate-buffered saline (PBS, Thermo Fisher Scientific) followed by 3 

washes. Next, 10 μg/ml NHS-Cyanine7 (NHS-Cy7, Lumiprobe) was incubated with the algae at 1 

× 107 per ml for 1 h at room temperature. After dye conjugation, the modified algae were washed 

with ultrapure water for the removal of the unreacted dye and resuspended in ultrapure water for 

further use. Static acidophilic algae were prepared through the dropwise addition of 1 M acetic 

acid (Sigma Aldrich) to active acidophilic algae. After 20 seconds, the pH value of the mixture 

was quickly neutralized to 7 by the addition of 1 M sodium hydroxide (Sigma Aldrich), and the 

algae were transferred into PBS. Then, the Cy7 dye conjugation was performed following a similar 

method as above. Neutrophilic algae were suspended in 10 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid buffer (HEPES, Thermo Fisher Scientific) to complete the Cy7 

conjugation. 

Synthesis of fluorescent dye-loaded polymeric nanoparticles. The synthesis of polymeric 

nanoparticles was based on a previously reported nanoprecipitation method51. Briefly, 0.67 dl/g 
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carboxyl-terminated 50:50 poly(lactic-co-glycolic) acid (PLGA, LACTEL Absorbable Polymers) 

at 20 mg/ml in 1 ml of acetone was added into 1 ml of 10 mM Tris-buffer. To fluorescently label 

the nanoparticles, 0.1 wt% of 3,3’-dioctadecyloxacarbocyanine perchlorate (DiO, λex/λem = 484 

nm/501 nm; Thermo Fisher Scientific) was encapsulated into the PLGA cores. After 

nanoprecipitation, the organic solvent was evaporated under a vacuum for 1 h. Near-infrared dye-

loaded polymeric nanoparticles for in vivo studies were prepared following a similar method by 

replacing DiO with 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindotricarbocyanine iodide (DiR, 

λex/λem = 748 nm/780 nm; Thermo Fisher Scientific). 

Preparation of poly-l-lysine (PLL) coated nanoparticles (PLLNP). To prepare the PLGA 

nanoparticles coated with PLL (Sigma Aldrich), 10 mg/ml of preformed PLGA nanoparticles in 

ultrapure water were added dropwise into 1 ml of 0.05% w/v PLL under 700 rpm stirring for 2 h. 

Next, 5 washes were used to remove any free polyelectrolyte, and the PLLNP were resuspended 

in ultrapure water for further use. To characterize the size and zeta potential of the PLGA cores 

and PLLNP, the samples were tested using a Zetasizer MAL 1267090 (Malvern Panalytical). 

Preparation of red blood cell (RBC) membrane-coated nanoparticles (RBCNP). RBCNP were 

prepared by a cell membrane cloaking technique50,51. RBC membrane was mixed with PLGA cores 

at a 1:1 weight ratio of membrane protein to PLGA polymer. The mixture was then sonicated using 

a Fisher Scientific FS30D ultrasonic bath sonicator for 3 min. The RBCNP were isolated by 

centrifugation for 5 min at 16,100g and washed 3 times with ultrapure water. To characterize the 

size and surface zeta potential of RBCNP, the samples were tested using a Zetasizer MAL 

1267090. To characterize the morphology, the samples were deposited onto a carbon-coated 400-
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mesh copper grid and stained with 1 wt% uranyl acetate (Electron Microscopy Sciences), followed 

by imaging on a JEOL 1200 EX II transmission electron microscope. 

Preparation of acido-algae-PLLNP biohybrid motors. To attach PLLNP, 1 × 107 acidophilic algae 

were first isolated from MAM and resuspended in ultrapure water. Then, the PLLNP were mixed 

with algae for 30 min. After nanoparticle attachment, the resulting acido-algae-PLLNP biohybrid 

motors were washed 3 times and resuspended in ultrapure water. 

Preparation of acido-algae-RBCNP biohybrid motors. To conjugate RBCNP onto algae, the 

acidophilic algae and RBCNP were linked using click chemistry. First, 1 × 107 algae were treated 

with 20 μM of dibenzocyclooctyne-(polyethylene glycol)4-N-hydroxysuccinimidyl ester (DBCO-

PEG4-NHS, Click Chemistry Tools) for 1 h at room temperature. The RBCNP were incubated 

with 20 μM of azido-PEG4-NHS (Click Chemistry Tools) for 1 h at room temperature. Both the 

algae and RBCNP were centrifuged and washed 3 times with ultrapure water to remove the 

unreacted NHS esters. Then, the modified algae and RBCNP were mixed and vortexed for 4 h to 

complete the click chemistry reaction. After conjugation, the resulting acido-algae-RBCNP 

biohybrid motors were separated by centrifugation at 800g for 3 min, followed by 3 washes. 

Binding stability of acido-algae-PLLNP and acido-algae-RBCNP in acidic conditions. To test the 

binding stability between PLLNP and acidophilic algae after the formation of biohybrid motors, 

the acido-algae-PLLNP with DiR loading were incubated with two acidic conditions (simulated 

gastric fluid and HCl at pH 2) for 24 h. The detached PLLNP in the supernatant was removed by 

centrifugation at 800g for 3 min. Before and after incubation, the fluorescence intensity of PLLNP 

with DiR loading on the algae surface was measured by plate reader.  The binding stability of 

acido-algae-RBCNP was evaluated following the same method.   
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Motion analysis. The speed of acidophilic algae, neutrophilic algae, fluorescein-conjugated algae 

motors, acido-algae-PLLNP biohybrid motors, and acido-algae-RBCNP biohybrid motors was 

analyzed in different media: modified acid medium (MAM, pH ~3.5), simulated gastric fluid 

(SGF, pH ~1.5, RICCA Chemical), simulated intestinal fluid (SIF, pH ~6.5, RICCA Chemical), 

1× PBS (pH ~7.4), ultrapure water, pH-adjusted aqueous solutions (pH from 0 to 11), sulfuric acid 

(pH ~1.5, Sigma Aldrich), and nitric acid (pH ~1.5, Fisher Scientific). The motion of the 

acidophilic algae motors was also observed in HCl solution (pH ~1.5, Sigma Aldrich) at 0 h, 1 h, 

4 h, 8 h, 24 h, and 72 h at room temperature (22 °C). Movies were captured by a Nikon Eclipse 

Ti-S/L100 inverted optical brightfield microscope coupled with 10× or 20× objectives and a 

Hamamatsu digital camera C11440 or by a Sony RX100 V camera on an Invitrogen EVOS FL 

fluorescence microscope with 20× or 40× objectives. An NIS Element tracking module was used 

to measure the speed of the motors in different media. To mimic the conditions in the stomach of 

mice, simulated gastric fluid containing 1 mg/ml of pepsin (Sigma Aldrich) was used to test the 

influence of enzymes on the motility of acidophilic algae. Speed was measured after incubation 

for 0 h, 1 h, 2 h, 4 h, and 8 h at body temperature (37 °C).  

Viability of acidophilic algae motors. To evaluate the viability of acidophilic algae in solutions 

with different pH, algae were transferred from MAM to aqueous solutions with pH from 0 to 11 

and incubated for 2 h at room temperature (22 °C). After incubation, algae motors were 

resuspended into 5 μM SYTOX green fluorescent probe (Thermo Fisher Scientific) for 1 h at room 

temperature (22 °C). The viability of the algae was determined by counting the live/dead ratio 

using an Invitrogen EVOS FL fluorescence microscope. 
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Characterization of acido-algae-PLLNP and acido-algae-RBCNP biohybrid motors. To visualize 

nanoparticle binding on the surface of the algae, PLGA cores were loaded beforehand with the 

fluorescent dye DiO. An Invitrogen EVOS FL microscope was used to capture the 

autofluorescence of algae chloroplasts in the Cy5 channel and DiO-encapsulated nanoparticles in 

the GFP channel. To further confirm the morphology of the acido-algae-PLLNP and acido-algae-

RBCNP biohybrid motors, SEM imaging was performed. Briefly, the biohybrid motors were fixed 

with a 2.5% glutaraldehyde solution (Sigma Aldrich) overnight at 4 °C, followed by washing in 

ultrapure water. The samples were then sputtered with palladium for imaging on a Zeiss Sigma 

500 SEM instrument with an accelerating voltage of 3 kV. 

Animal care. Mice were housed in an animal facility at the University of California San Diego 

(UCSD) under federal, state, local, and National Institutes of Health (NIH) guidelines. Mice were 

maintained in standard housing with cycles of 12 h light and 12 h dark, ambient temperature, and 

normal humidity. All animal experiments were performed in accordance with NIH guidelines and 

approved by the Institutional Animal Care and Use Committee (IACUC) of UCSD. 

Ex vivo GI tract imaging and retention quantification. To study GI tract distribution and retention, 

8-week-old male CD-1 mice (Charles River Laboratories) were orally administered with Cy7-

conjugated acidophilic algae, Cy7-conjugated static acidophilic algae, or Cy7-conjugated 

neutrophilic algae in 500 μl of PBS at a concentration of 1 × 107 per ml. At the predetermined time 

points (0.5 h, 2 h, 5 h, 10 h, and 24 h), the mice were euthanized, and their GI tracts were excised 

for analysis. To evaluate the performance of the biohybrid motors in vivo, the mice were orally 

administered with acido-algae-PLLNP, PLLNP, acido-algae-RBCNP or RBCNP. At 

predetermined time points (2 h, 5 h, and 10 h), the mice were euthanized, and their GI tracts were 
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excised for analysis. Fluorescent ex vivo GI images were obtained with the Xenogen IVIS 200 

system. 

In vivo safety studies. 8-week-old male CD-1 mice were euthanized at 24 h after oral administration 

of algae motors in 500 μl of PBS at a concentration of 1 × 107 per ml. For the comprehensive 

chemistry panel, aliquots of blood were allowed to coagulate, and the serum was collected by 

centrifugation. To obtain blood cell counts, whole blood was collected into potassium EDTA 

collection tubes (Sarstedt). Analyses were conducted by the UCSD Animal Care Program 

Diagnostic Services Laboratory. To perform the histological analysis, different portions of the GI 

tract and major organs were sectioned and stained with H&E (Leica Biosystems), followed by 

imaging using a Hamamatsu Nanozoomer 2.0-HT slide scanning system.  

 

Chapter 2.3, in full, is a reprint of the material as it may appear in Science Advances, 2022, 
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2.4 Microalgae microrobots for SARS-CoV-2 removal 

2.4.1 Introduction 

As an emerging coronavirus associated with formidable infectiousness and lethality, severe 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2) can spread through multiple 

transmission routes, including direct airborne transmission from respiratory droplets or aerosols 

and indirect fomite transmission upon contacting contaminated subjects or surfaces.1 While SARS-

CoV-2 is known to infect the respiratory tract, it can also infect the gastrointestinal tract with a 

prolonged residence in fecal samples.2 In addition to its presence in stool samples, SARS-CoV-2 

has also been detected in domestic wastewater in sewage and downstream rivers.3-5 These reports 

have raised concerns that wastewater could be a potential route of SARS-CoV-2 infection via 

fecal-oral transmission.6,7 To minimize the risk of secondary transmission to humans, there 

remains an urgent need to develop wastewater treatment strategies for the effective removal of 

SARS-CoV-2. Several physical, chemical, and biological processes, including sedimentation, 

filtration, disinfection with UV or oxidants, and enzymatic degradation, have been proposed to 

tackle SARS-CoV-2 decontamination in wastewater.8 While these conventional wastewater 

purification approaches are effective in general, it is still necessary to explore new techniques that 

are easy, fast, and effective in resolving the wastewater contamination issue of SARS-CoV-2. 

We present here a biohybrid microrobot for the efficient removal of SARS-CoV-2 from 

contaminated aquatic media. Because of their robust self-propulsion ability and facile surface 

functionalization, microrobots offer a dynamic and powerful strategy for rapid decontamination of 

water matrices from a wide range of environmental pollutants, including dyes,9,10 heavy metals,11,12 

oil,13 pathogenic organisms,14,15 nitroaromatic explosives,16 and chemical and biological warfare 
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agents.17 Such movement of functional microrobots provides an enhanced collision/contact and 

adsorption of the target contaminants along with localized self-mixing as compared to their static 

counterparts, thus enabling efficient and rapid decomposition and accelerated “on-the-fly” removal 

of pollutants.18,19 However, widespread environmental and defense applications of current 

synthetic microrobotic platforms have been hampered by their short life span, need for toxic fuels, 

or complex external actuation equipment, and restricted operating media. To address these 

challenges faced by synthetic microrobots, biohybrid microrobots, combining self-propelled 

microorganisms with functional biomaterials, have recently demonstrated significant promise for 

large-scale environmental remediation.20−22 

The new microrobotic strategy for SARS-CoV-2 removal relies on angiotensin-converting 

enzyme 2 (ACE2) receptor functionalized algae microrobot (denoted “ACE2-algae-robot”). The 

ACE2 receptor is responsible for the recognition of the target virus with a high binding affinity to 

the S1 subunit of the viral spike protein and has been reported as an effective cellular receptor for 

SARS-CoV-2 toward diverse virus-related sensing,23 therapeutic,24 and neutralization25 

applications. Algae have been used for wastewater treatment26 but not in connection to active 

microrobots or toward the management of SARS-CoV-2 contaminated water. Here we select 

Chlamydomonas reinhardtii as a model algae because of their attractive properties, including easy 

large-scale production, fast motion in diverse aqueous environments, long life span, and facile 

surface functionalization.27,28 As illustrated in Figure 2.19a, the ACE2-algae-robot is fabricated 

using a click chemistry reaction for anchoring the ACE2 receptor onto the algae surface. The 

resulting ACE2-algae-robot displays fast movement (>100 μm/s) in various media, without 

compromising the intrinsic mobility of unmodified algae. Using SARS-CoV-2 spike protein (S 

protein) and pseudovirus as model contaminants, the moving ACE2 receptor on the algae surface 
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leads to remarkable binding to the targets, enabling about 95% removal of the S protein and about 

89% removal of SARS-CoV-2 pseudovirus from various testing wastewater (Figure 2.19b). The 

pseudovirus bears the same spike protein as the live SARS-CoV-2 virus and has been shown 

extremely useful for developing SARS-CoV-2 detection and neutralization technologies.29 These 

results clearly illustrate the feasibility of using the biohybrid microrobot for large-scale “on-the-

fly” decontamination of coronavirus and possibly other diverse environmental threats in 

wastewater. 

 

2.4.2 Fabrication and characterization of the ACE2-Algae-Robots 

Figure 1 schematically displays (a) the fabrication process of the ACE2 modified algae and 

(b) the targeting and removal of S protein and SARS-CoV-2 pseudovirus from wastewater. In the 

study, the ACE2 receptors were conjugated to the algae surface using a click chemistry approach. 

Specifically, the azide and dibenzocyclooctyne (DBCO) groups were conjugated to the ACE2 

receptors and the algae, respectively, via the N-hydroxysuccinimide (NHS) ester reaction. The 

conjugated N3 on the ACE2 receptors will then react effectively with the DBCO on the algae, 

resulting in the formation of the ACE2-algae-robot. Next, immunostaining was performed to 

visualize the ACE2 receptors attached on the algae surface. Here, Fluor488-conjugated anti-ACE2 

antibody was used to label the ACE2 receptors on the algae. As illustrated in Figure 2.19c, the 

signals from immunostaining of fluorescent anti-ACE2 antibody in the GFP channel colocalized 

with those of the autofluorescence of algae in the Cy5 channel. The enlarged image in Figure 2.19d 

further indicates the coverage of ACE2 receptors on the algae surface. In addition, the unmodified 

algae incubated with fluorescent anti-ACE2 antibody exhibited a negligible change of GFP 
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fluorescence intensity as compared to the bare algae alone (Figure 2.19e). In contrast, the ACE2-

algae-robot incubated with fluorescent anti-ACE2 antibody showed a significant increase in 

fluorescent intensity as compared to the two control groups, reflecting the effective conjugation of 

ACE2 receptors onto the algae via click chemistry. The pseudocolored scanning electron 

microscopy (SEM) images further illustrate the ACE2-algae-robot before (Figure 2.19f) and after 

(Figure 2.19g) contact with SARS-CoV-2 pseudovirus. The bound virus particles can be clearly 

observed on the ACE2-algae-robot from the inset of SEM images in Figure 2.19g. 
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Figure 2.19 Fabrication and characterization of ACE2-algae-robot. (a) Schematic of the 

functionalization of microalgae with ACE2 receptor. (b) Schematic depicting the use of the ACE2-

algae-robot for the binding and removal of spike protein and SARS-CoV-2 virus. (c) Brightfield, 

fluorescent, and merged images of the ACE2-algae-robot after immunostaining. Autofluorescence 

of natural algae chloroplast in Cy5 channel; immunostaining of Fluor488-conjugated anti-ACE2 

antibody in GFP channel. Scale bar: 50 μm. (d) Enlarged fluorescence image from panel (c) clearly 

shows the full coverage of the ACE2 receptor onto the algae surface. Red core: chloroplast of the 

algae; green: Fluor488-conjugated anti-ACE2 antibody. Scale bar: 5 μm. (e) GFP fluorescence 

intensity of bare algae, bare algae with Fluor488-conjugated anti-ACE2 antibody, and the ACE2-

algae-robot with Fluor488-conjugated anti-ACE2 antibody. (f,g) Pseudocolored scanning electron 

microscopy (SEM) images of the ACE2-algae-robot (f) before and (g) after contact with the virus. 

Green: ACE2-algae-robot; red: SARS-CoV-2 pseudovirus. Scale bar: 2 μm. Zoom-in images show 

the surface morphology of the ACE2-algae-robot (f) before and (g) after contact with the virus. 

Scale bar: 200 nm. 
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2.4.3 Motion behavior of ACE2-Algae-Robots in aquatic media 

We next investigated the motion behavior of the biohybrid microrobot. After confirming the 

DBCO-NHS ester conjugation, the ACE2-algae-robot was fabricated by mixing DBCO modified 

algae with the azide-ACE2 receptor in DI water for 2 h. The speed of the DBCO-modified algae 

and the ACE2-algae-robot were measured to be 112 μm/s and 108 μm/s (∼11 body length/s), 

respectively, compared to 115 μm/s of the bare algae, indicating that the functionalization process 

has a negligible effect on the motion of the algae (Figure 2.20a). Once prepared in DI water, the 

ACE2-algae-robot was transferred into various aqueous media to test their mobility. As illustrated 

in Figure 2.20b, the ACE2-algae-robot displayed efficient motion (>100 μm/s) in TAP medium, 

0.1 × PBS, drinking water, and river water without a need of any external fuel to propel the robot. 

In addition, the ACE2-algae-robot demonstrated long-lasting motion in both drinking and river 

water matrices (Figure 2.20c,d), indicating its capability for extended operation toward the 

removal of SARS-CoV-2 S protein and pseudovirus. The images in Figure 2.20e,f illustrate 

representative tracking trajectories of the individual ACE2-algae-robot, over a 2.5 s interval, at 

different times [0 h (i) and 24 h (ii)] in drinking and river water, respectively, reflecting the highly 

stable algae motion in these media. 
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Figure 2.20 Motion behavior of the ACE2-algae-robot. (a) Effect of the algae functionalization 

upon its swimming behavior: speeds of bare algae, DBCO-modified algae, and the ACE2-algae-

robot (n = 6; mean + s.d.). (b) Movement of the ACE2-algae-robot in different media: tris-acetate-

phosphate medium (TAP), 0.1 × phosphate-buffered saline (PBS; diluted from 1 × PBS with DI 

water), drinking water, and river water (n = 6; mean + s.d.). (c,d) Speed of the ACE2-algae-robot 

at different time points (0, 1, 4, 12, and 24 h) in (c) drinking water and (d) river water (n = 6; mean 

± s.d.). (e,f) Representative optical trajectories of the movement of the ACE2-algae-robot over 2.5 

s motion in (e) drinking water and (f) river water obtained at (i) 0 h and (ii) 24 h. Scale bar: 40 μm. 

 

2.4.4 Removal of SARS-CoV-2 Spike protein by ACE2-Algae-Robots 

Figure 2.21a illustrates that the presence of viral S protein in the drinking water (red) and 

river water (blue) did not affect the mobility or the lifespan of the ACE2-algae-robot, which 

showed highly stable motion in both media for over 24 h operation. This was supported by the 

tracking trajectories of about 200 individual ACE2-algae-robots (during 0.6 s) after moving for 24 

h in drinking water and river water, respectively (Figure 2.21b,c). The corresponding speed 

distribution indicates that 80% of algae moved faster than 100 μm/s. Such fast and continuous 

motion of the ACE2-algae-robot could accelerate its collision with viral S protein and thus improve 

the specific binding and removal of the target protein. Figure 2.21d examines the effect of ACE2-
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algae-robot density on the kinetic removal efficiency of S protein from drinking water. As 

expected, the speed and efficiency of the removal process increased upon increasing the density 

of the microrobots, with 5 × 107 ml–1 ACE2-algae-robot removing 95% of 2.88 ng/mL S protein 

from the water sample within 6 h. To compare the S protein removal capability between different 

algae groups, the same density of algae (5 × 107 ml–1) from different control groups, including the 

ACE2-algae-robot, static ACE2-algae (deflagellated algae with the ACE2 receptor modification), 

bare algae, and cell wall deficient algae, was added to 500 μL drinking water containing 2.88 

ng/mL S protein. The ACE2-algae-robot shows highly efficient binding and 95% removal 

efficiency after 6 h continuous motion (Figure 2.21e,(i). In comparison, the active bare algae 

lacking ACE2 (Figure 2.21e,(ii) and static ACE2-algae (Figure 2.21e,(iii) displayed only 46% and 

23% removal efficiency after 16 h operation, respectively, indicating the critical role of the ACE2 

receptor modification and algae motion on the speed and efficiency of the S protein removal. The 

S protein removal by the bare algae is likely attributed to nonspecific binding associated with the 

presence of diverse functional groups (e.g., carboxyl or amino groups) on the algae surface.30 The 

ACE2-algae-robot also exhibits effective S protein removal in various media, including DI water, 

drinking water, and river water, as indicated by the similar kinetic profiles in Figure 2.21f. These 

results reveal that the ACE2-algae-robot, with long-lasting motion and ACE2 receptor for S 

protein recognition, represents an attractive system to enhance environmental remediation in 

complex aqueous surroundings. 
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Figure 2.21 ACE2-algae-robot for the removal of SARS-CoV-2 spike protein. (a) Speed 

comparison of the ACE2-algae-robot in drinking water (red) and river water (blue) containing the 

spike protein (n = 6; mean ± s.d.). (b,c) Motion trajectory of the ACE2-algae-robot in (b) drinking 

water and (c) river water samples containing the spike protein. (d) Effect of the ACE2-algae-robot 

density on the spike protein removal kinetic profile in the drinking water. Algae input density: (i) 

5 × 107 ml–1, (ii) 2 × 107 ml–1, and (iii) 5 × 106 mL–1 (n = 3; mean ± s.d.). (e) Kinetic profile of the 

spike protein removal efficiency from drinking water with the treatment of the (i) ACE2-algae-

robot, (ii) bare algae, (iii) static ACE2-algae, or (iv) cell wall deficient algae. (f) Kinetic profile of 

the spike protein removal efficiency by employing the ACE2-algae-robot in different media, 

including drinking water, DI water, and river water (n = 3; mean ± s.d.). 

 

2.4.5 Removal of SARS-CoV-2 pseudovirus by ACE2-Algae-Robots 

Following the effective removal of viral S protein, the next set of experiments examined 

the ability of the ACE2-algae-robot to remove SARS-CoV-2 pseudoviruses, which represents an 

effective alternative of live human SARS-CoV-2 virus for research to evaluate new antiviral 

technologies.29 Figure 2.22a schematically illustrates the efficient removal of the SARS-CoV-2 

pseudovirus from water samples using the ACE2-algae-robot. After ACE2-algae-robot treatment, 

the pseudoviruses are largely captured and removed from the solution, validated, and visualized 

by an NL-20 cell-based assay. The NL-20 cells remained nonfluorescent following 24 h incubation 
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in pseudovirus contaminated water samples upon ACE2-algae-robot treatment, confirming the 

highly effective pseudovirus removal by the robot. In comparison, without the ACE2-algae-robot 

treatment, the cells displayed bright fluorescence, reflecting the pseudovirus entry and significant 

expression of fluorescent protein in the host cells. Figure 2.22b show the motion behavior (speed 

and lifespan) of the ACE2-algae-robot in various water matrices containing the SARS-CoV-2 

pseudovirus. The biohybrid microrobot displays similar speed in these aqueous media, which is 

similar to that observed in Figure 2.22b without the pseudovirus, indicating that the presence of 

the pseudovirus does not hamper the movement of the ACE2-algae-robot. 

Next, we investigated the effect of ACE2-algae-robot density on the removal efficiency of 

SARS-CoV-2 pseudovirus from drinking water. As shown in Figure 2.22c, the results 

demonstrated a gradual increase of the removal efficiency, 19% to 90%, upon increasing ACE2-

algae-robot concentrations from 5 × 104 mL–1 to 5 × 107 mL–1. The pseudovirus removal efficiency 

was also visualized by fluorescent imaging. As expected, the highest robot concentration resulted 

in a minimal fluorescent virus signal (Figure 2.22d). The ACE2-algae-robot also offers significant 

improvement (89%) in the removal of SARS-CoV-2 pseudovirus compared with control groups, 

including static ACE2-algae (31%), bare algae (63%), and cell-wall deficient algae (21%) (Figure 

4e). These experiments were performed by immersing 2.5 × 105 of algae in a 50 μL drinking water 

sample containing 2 × 109 VG ml–1 (VG: viral genomes) pseudovirus for 16 h. In the control 

experiments, the viral binding capability of the bare algae is possibly attributed to both 

biosorption30 and physical entrapment of the virus into the porous structure of the algae cell wall.31 

The fluorescence images in Figure 2.22f illustrate the minimal fluorescent virus signal with the 

ACE2-algae-robot treatment, corresponding to the virus removal efficiency data of Figure 2.22e. 

Furthermore, we evaluated and compared the virus removal kinetic profiles in drinking water 
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treated with the ACE2-algae-robot, bare algae, or static ACE2-algae (Figure 2.22g). These data 

illustrate that the ACE2-algae-robot can effectively remove 85% of pseudovirus after 4 h 

treatment, compared to 60% and 18% for bare algae and static ACE2-algae, respectively. 

Therefore, each ACE2-algae-robot can bind to ∼340 VG of virus. Such results indicate the 

significant contributions of both the ACE2 receptor for virus targeting and the fast microrobot 

motion for contacting the virus toward highly efficient viral binding and removal. The 

representative fluorescence images also show the progression of the viral infection over time with 

samples treated with the ACE2-algae-robot (Figure 2.22h). Furthermore, the ACE2-algae-robot 

can be reused to reach 90% viral removal efficiency after five repeated cycles. A post-treatment 

of the ACE2-algae-robot by flocculant was performed to clean the robot in the water sample. The 

flocculant can isolate the ACE2-algae-robot from the water matrices without affecting the virus 

removal efficiency, holding considerable potential for practical future applications. 
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Figure 2.22 ACE2-algae-robot for the removal of SARS-CoV-2 pseudovirus. (a) Schematic 

illustrating the viral removal by the ACE2-algae-robot, which blocks the virus from entering cells. 

Inset: viral infection was indicated by expression of green fluorescent protein, whereas the virus 

treated by the ACE2-algae-robot shows low viral infection. (b) Speed comparison of the ACE2-

algae-robot in TAP, DI water, drinking water, and river water containing 1 × 108 VG of the virus, 

(n = 3; mean ± s.d.). (c) Effect of the ACE2-algae-robot density on the efficiency of virus removal 

in drinking water. (d) Representative fluorescent images of NL-20 cells infected with virus treated 

by different densities of the ACE2-algae-robot. Scale bar: 100 μm. (e) Efficiency of the virus 

removal in drinking water with the treatment of the ACE2-algae-robot, bare algae, static ACE2-

algae, or cell wall deficient algae. (f) Representative fluorescent images of NL-20 cells infected 

with the virus treated by the ACE2-algae-robot, bare algae, static ACE2-algae, and cell wall 

deficient algae. Scale bar: 100 μm. (g) Kinetic profile of the virus removal efficiency in drinking 

water with the treatment of the ACE2-algae-robot, bare algae, and static ACE2-algae (n = 3; mean 

± s.d.). (h) Representative fluorescent images of NL-20 cells infected with the virus, which is 

treated by the ACE2-algae-robot for different times (0, 1, 2, and 4 h). Scale bar: 100 μm. 
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2.4.5 Discussion 

In summary, we have developed an effective biohybrid microrobotic method to actively 

remove the SARS-CoV-2 spike protein and pseudovirus from various water matrices using ACE2 

receptor-modified microalgae. The ACE2-algae-robot can be readily fabricated by an efficient 

click chemistry approach, without compromising the motion behavior of algae and the function of 

the ACE2 receptor. The resulting ACE2-algae-robot displays excellent motion ability in various 

water matrices and offers considerable potential to clean contaminated water samples. The binding 

and removal capability of the ACE2-algae-robot were demonstrated and characterized using both 

SARS-CoV-2 spike protein and SARS-CoV-2 pseudovirus, resulting in 95% and 89% removal 

efficiency, respectively, at the experimental conditions. Given the high concentration of viral load 

(2 × 109 VG ml–1) in our experiment, the removal efficiency of 89% and binding capability of 

∼340 VG algae–1 represent a high efficacy compared to the traditional wastewater viral 

treatments.32 The enhanced removal of the viral spike protein and pseudovirus is attributed to the 

continuous self-propulsion of the ACE2-algae-robot and corresponding mixing and collision with 

the target protein and virus. The reusability and post-treatment of the microrobot were also studied, 

demonstrating considerable promise for removing waterborne pathogenic viruses from 

contaminated water. Although current platform can reach 89% viral removal, it is difficult to 

directly convert viral concentration in wastewater to disease prevalence in hosts.33 However, any 

reduction of viral load would have a positive correlation with the control of viral infectivity and 

the illness of patients.34 The algae microrobots are expected to have greater mobility and longer 

lifetime in an open wastewater reservoir when compared to a confined test tube and thus hold 

considerable potential for future scaling-up applications. Given that new emerging SARS-CoV-2 

variants show a similar binding mechanism and higher binding affinity with the ACE2 
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receptor,35,36 the functionalized algae microrobotic platform is expected to efficiently remove 

different virus variants from wastewater. Overall, by relying on click chemistry to attach protein 

receptors onto natural algae surfaces, such a functionalized algae-based microrobot offers an 

attractive strategy for a variety of environmental remediation applications. 

 

2.4.6 Experimental section 

Algae culture. Green C. reinhardtii algae (strain CC-125 wild-type mt+) were obtained from the 

Chlamydomonas Resource Center. The algae were transferred from the agar plate to tris-acetate-

phosphate (TAP) medium (Thermo Fisher Scientific) and cultivated at room temperature under 

cycles of 12 h sunlight and 12 h dark.  

Preparation of ACE2-algae-robot. Bare algae were centrifuged at 500×g for 3 min and washed 

five times with ultrapure water to remove the TAP medium and then resuspended in ultrapure 

water. 1 ml of 1 × 107 ml-1 bare algae were treated with 20 μM DBCO-PEG4-NHS ester (Click 

Chemistry Tools) for 1 h at room temperature. Here, the presence of triple bonds on the algae 

surface was confirmed by adding 1 μM FAM azide, 5-isomer (Lumiprobe), and visualized by 

fluorescence microscopy. In parallel, 100 μl of 73 μg/ml ACE2 receptor (SinoBiological) was 

incubated with 20 μM azidoPEG4-NHS ester (Click Chemistry Tools) for 1 h at room temperature. 

As prepared azido-modified ACE2 receptor was concentrated by filtration at 4000×g for 10 min 

and washed three times with ultrapure water to remove free NHS ester through an ultrafilter with 

a 30 kDa molecular weight cut-off (Amicon Ultra 0.5mL Filters, Sigma Aldrich); DBCO-modified 

algae were centrifuged at 500×g for 3 min and washed five times with ultrapure water to remove 
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unreacted NHS ester. The ACE2-algae-robot was fabricated by the incubation of azido-modified 

ACE2 receptor and DBCO-modified algae for 3 h via click chemistry. The resulting ACE2-algae-

robots were centrifuged at 500×g for 3 min and washed 3 times with TAP and collected for further 

studies. To fabricate the static ACE2-algae, ACE2-algae-robot was incubated with 0.01M PBS for 

30 min to remove the algae flagella.  

Characterization of ACE2-algae-robot binding with SARS-CoV-2 pseudovirus. To perform 

scanning electron microscopy (SEM) characterization, ACE2-algae-robot binding with SARS-

CoV-2 pseudovirus were fixed in 2.5% glutaraldehyde at 4 °C 2overnight and washed three times 

with ultrapure water before sputtering. The asprepared samples were sputtered with palladium 

before SEM characterization, and the SEM imaging was performed using an acceleration voltage 

of 3 KV (Zeiss Sigma 500 SEM instrument). The ACE2-algae-robot without SARS-CoV-2 

pseudovirus was treated and examined using the same methodology. To determine the ACE2 

receptor conjugation onto the algae, Fluor488-conjugated ACE2 antibody (R&D system) was 

chosen to label the ACE2 receptor on the algae. The immunostaining of antibody was visualized 

by fluorescence microscopy (EVOS FL) with two individual fluorescence channels, Cy5 and GFP, 

which corresponded to the autofluorescence of algae and Fluor488-conjugated anti-ACE2 

antibody, respectively. The ACE2-algae-robot, with Fluor488-conjugated anti-ACE2 antibody, 

was resuspended in 1% BSA in PBS for flow cytometry analysis. Data were acquired with a BD 

FACSCanto II flow cytometer and analyzed using the FlowJo software.  

Motion analysis of ACE2-algae-robot. The motion of ACE2-algae-robot, dibenzocyclooctyne 

(DBCO) modified algae and bare algae were analyzed in different media: tris-acetate-phosphate 

medium (TAP), 0.1×phosphate-buffered saline (PBS; diluted from 1×PBS with DI water), 
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drinking water from Arrowhead Springs, river water from Peñasquitos Creek. After transferring 

to the drinking water or river water containing SARS-CoV-2 spike protein or pseudovirus, the 

speed of ACE2-algae-robot was evaluated at 0 h, 1 h, 4 h, 12 h, and 24 h. The movies of the motion 

were captured by an inverted optical microscope (Nikon Eclipse Instrument Inc. Ti-S/L 100) 

coupled with different microscope objectives (4x, 10x, and 20x), a Hamamatsu digital camera 

C11440, and NIS Elements AR 3.2 software. An NIS Element tracking module was used to 

measure the corresponding algae speed in different media.  

Cell culture. Human bronchial epithelial non-tumoral cell line NL-20 (CLR-2503, American Type 

Culture Collection, ATCC) was cultured in HAM-F12 medium (Invitrogen) supplemented with 

2.7 g/L glucose (Gibco), 4% fetal bovine serum (FBS), 0.1 mM non-essential amino acids (Gibco), 

5 μg/ml of insulin (Sigma Aldrich), 10 ng/ml of epidermal growth factor (Sigma Aldrich), 1 μg/ml 

of transferrin (Sigma 3Aldrich), 500 ng/ml of hydrocortisone (Sigma Aldrich), 1% 

penicillin/streptomycin (Gibco) at 37 °C in a 5% CO2 environment. The cells were detached from 

culture flasks using 1× PBS containing 13.7 μL of 0.5 M ethylenediaminetetraacetic acid (EDTA) 

and 5% fetal bovine serum (FBS) at 37 °C and collected with centrifugation at 700×g for 5 min 

for further study.  

Removal of SARS-CoV-2 spike protein. To explore the effect of ACE2-algae-robot density on the 

efficiency of spike protein removal, ACE2-algae-robot was incubated with 500 μl 2.88 ng/ml spike 

protein with different algae density of 5 × 107 ml-1, 2 × 107 ml-1, and 5 × 106 ml-1 in drinking water 

and tested the removal efficiency at 0 h, 1 h, 2 h, 4 h, 6 h, and 16 h. To explore the kinetic profiles 

of spike protein removal efficiency in drinking water, the bare algae, static ACE2-algae, and cell-

wall deficient algae with a density of 5 × 107 ml-1 were incubated with 500 μl 2.88 ng/ml spike 
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protein. 5 × 107 ml-1 ACE2-algae-robot were also incubated with 500 μl 2.88 ng/ml spike protein 

in different media, including DI water, drinking water, and river water, to study the environmental 

effect on the removal efficiency. To measure the spike protein removal efficiency, all the groups 

were centrifuged at 500×g for 3 min and quantified by SARS-CoV-2 spike RBD protein ELISA 

kits (ABclonal).  

Removal of SARS-CoV-2 pseudovirus. To explore the effect of ACE2-algae-robot density on 

SARS-CoV-2 pseudovirus removal efficiency, ACE2-algae-robot was incubated with 50 μl 2 × 

109 VG/ml SARS-CoV-2 pseudovirus (Montana Molecular) with different algae density of 5 × 104 

ml-1, 5 × 105 ml-1, 5 × 106 ml-1, and 5 × 107 ml-1 in drinking water for 16 h. To explore the kinetic 

profiles of SARS-CoV-2 pseudovirus removal efficiency in drinking water, the bare algae, static 

ACE2-algae and cell-wall deficient algae with a density of 5 × 106 ml-1 were incubated with the 

same amount of SARS-CoV-2 pseudovirus for 16 h. To explore the time dependence removal 

efficiency of SARS-CoV-2 pseudovirus in drinking water, 5 × 106 ml-1 ACE2-algae-robot was 

incubated with the same amount of SARS-CoV-2 pseudovirus in drinking water at room 

temperature for 0 h, 1 h, 2 h, 4 h, 6 h, 16 h, the bare algae and static ACE2-algae were treated with 

the same method. The method of reusability of ACE2-algae-robot 4was studied as before. For the 

post-treatment, 5 × 106 ml-1 ACE2-algae-robots were treated by 0.5% chitosan for 10 min. In 

comparison, the control groups were treated by 500×g centrifugation for 3 min. Before measuring 

SARS-CoV-2 pseudovirus removal efficiency, 15,000 NL-20 cells per well were seeded in a 96-

well plate for 24 h at 37 °C in a 5% CO2 environment, and then the supernatant with unbound 

SARS-CoV-2 pseudovirus from each sample was incubated with the cells for 24 h. The 

fluorescence intensity of the mixture was analyzed by fluorescence microscopy and quantified 

using a BioTek Synergy Mx microplate reader. 
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Chapter 2.4, in full, is a reprint of the material as it appears in Journal of the American 

Chemical Society, 2021, by Fangyu Zhang, Zhengxing Li, Lu Yin, Qiangzhe Zhang, Nelly 

Askarinam, Rodolfo Mundaca-Uribe, Emil Karshalev, Weiwei Gao, Liangfang Zhang, Joseph 

Wang. The dissertation author was the primary investigator and author of this paper. 
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CHAPTER 3. CELL/CELL MEMBRANE-BASED BIOHYBRID MICROROBOTS 

3.1 Macrophage–magnesium biohybrid microrobots for endotoxin neutralization 

3.1.1 Introduction 

The development of artificial micromotors that can convert energy to movement and forces 

has recently become a fascinating research area.1-3 Improvements in the biocompatibility of the 

micromotor's materials have allowed them to perform some biomedical tasks, such as targeted 

drug delivery, precise surgery, biosensing, or toxin removal.4-6 Among the different types of 

biocompatible micromotors, Mg-based Janus micromotors offer distinct advantages for in vivo 

applications owing to their autonomous propulsion in body fluids including gastric and intestinal 

fluids, cargo transport and release, and their transient biodegradability properties.7-9 In recent 

years, Mg-based micromotors have thus been applied in a variety of biomedical applications, such 

as site-specific gastrointestinal tract delivery,10 in vivo drug or antigen delivery,11, 12 and collective 

and dynamic gastric delivery via micromotor pills.13 While Mg micromotors have been widely 

tested for dynamic in vivo delivery applications, their ability to manipulate, carry, and transport 

living cells has not been explored. 

Along the line of micromotor design, significant progress has been made recently toward 

creating biohybrid micromotors that combine cellular components and synthetic micro/nanoscale 

materials. Such cell-based micromotors offer considerable promise for diverse in vivo biomedical 

applications owing to their biocompatibility and biological functionality of the cellular 

component.14 Live cells can thus be integrated with artificial substrates to produce functional 

biohybrid devices that possess new and improved capabilities. Such cell-based micromotors can 
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be classified in two types. The first one relies on the intrinsic motility of live cells, such as 

spermatozoa,15 bacteria,16 and cardiomyocytes,17 for transporting artificial material payloads. The 

microorganisms thus act as engines to form active biohybrid swimming systems powered by 

cellular actuation. The second type consists of cell-based materials, such as cell membranes, and 

synthetic micromotors that provide the motion. Such combination of micromotors with cell 

components confers the micromotor with cell-like properties18,19 and improved biofunctionality.20 

Besides cell membrane-coated micromotors, various types of cells have also been used in 

biomedical applications due to their large drug loading capacity,21 natural homing tendency toward 

inflammation sites,22 and easy genetic engineering for gene delivery.23 The combination of intact 

cells and engineered motors has resulted in several cell-based biohybrid micromotor designs for 

diverse applications, including stem cell-based motors for drug delivery,24 red blood cell-motors 

for on-demand cargo delivery,25 and NIH 3T3 cell-based motors for precise control and 

patterning.26 Although such cell-based motors have demonstrated clear advantages as drug 

delivery carriers, it will be particularly interesting to explore the possibility of integrating intact 

live cells with biocompatible and biodegradable artificial micromotors, such as the Mg-based 

micromotors, to form a biohybrid motor system, which can potentially be applied for in vivo 

operations. 

Herein, we present a new approach, combining living macrophage (MΦ) cells with Mg 

micromotors to prepare MΦ–Mg hybrid motors, which possess the powerful propulsion of the Mg 

micromotors and preserve the biological function of the cells. As a critical cell in the innate 

immune system, MΦs play a major role in the regulation of homeostasis,27 can swallow and digest 

pathogens,28 and have specific receptors for biotoxins such as endotoxins.29 The new biohybrid 

micromotors are fabricated by coating Mg microparticles with titanium dioxide (TiO2) and a 
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poly(l-lysine) (PLL) layer, and attaching the MΦ to the outer PLL coating via electrostatic 

interactions. The resulting MΦ–Mg biohybrid motors maintain the functionality and viability of 

MΦ cells and offer efficient transport of the living cells. Numerical modeling of the propulsion 

dynamics of the resulting MΦ–Mg dimer motor is in good agreement with the experimental 

observations. In addition, the viability and biological function of the attached MΦ are retained and 

the cell can bind and neutralize pathogenic toxins, such as endotoxins. Overall, this work presents 

an attractive method to fabricate a biohybrid micromotor, consisting of whole cells attached onto 

autonomously propelled synthetic micromotors. While the new biohybrid strategy is demonstrated 

here using MΦs as model living cells, it could be readily expanded to other types of cells that 

possess different functionalities. 

 

3.1.2 Fabrication and characterization of MΦ–Mg motors 

The new biohybrid strategy for moving whole living cells in biological media consists of 

utilizing a synthetic Mg-based micromotor while retaining the viability, integrity, and function of 

the cells. We used MΦ as a model living cell owing to its critical role as an immune cell. The 

design of the new biohybrid motor relies on the attachment of MΦs to Mg micromotors via 

electrostatic attraction between the negatively charged cell membrane and the positively charged 

outer PLL coating on the Mg micromotor. Such interaction ensures that the open area of the Mg 

micromotor remains exposed to the biological fluid for efficient bubble propulsion. The fabrication 

protocol, illustrated in Figure 1A, consists of modifying Mg/TiO2 micromotors (commonly ≈20 

µm size) with 0.01% PLL coating over a glass slide (Figure 3.1a, steps 1 and 2). Subsequently, the 

PLL-modified Mg micromotors and MΦs were suspended in Dulbecco's modified eagle medium 
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(DMEM) and incubated for 1 h at 4 °C (Figure 3.1a, step 3). It should be noted that the MΦs 

remained stable on the PLL motor surface after longer times. After the incubation, the MΦ–Mg 

motors were washed to eliminate all the unbound cells. Subsequently, the MΦ–Mg motors were 

released and placed in an acidic environment, where the motors propelled spontaneously due to 

the reaction between the Mg core and the protons present in the acidic fluid, which generates a 

hydrogen bubble tail and propulsion thrust (Figure 3.1a, step 4). 

Figure 3.1b (left side) shows a scanning electron microscopy (SEM) image of a MΦ–Mg 

motor, displaying the binding between a MΦ cell and a Mg micromotor (pseudocolored in pink 

and green, respectively) with its opening exposed to ambient medium. Energy-dispersive X-ray 

spectroscopy (EDX) images illustrate the presence and elemental distribution of Mg and Ti within 

the micromotor structure (Figure 3.1b, right). The aperture observed in the Ti mapping image 

corresponds to the opening in the TiO2 shell produced during the atomic layer deposition (ALD) 

process. The motion of the MΦ–Mg motors was evaluated using simulated gastric fluid (pH 1.3), 

which led to the generation of hydrogen bubbles and corresponding thrust. Figure 1C displays a 

microscopy image of a MΦ–Mg motor moving in simulated gastric fluid, showing the MΦ 

(pseudocolored in pink) attached to the Mg micromotor, along with the corresponding hydrogen 

bubble tail. The MΦ–Mg motors displayed a lifetime of ≈5 min, characteristic of the gradual 

Mg depletion,13 with an average speed of 127.3 µm s−1. It should be noted that the MΦ cells 

remained attached firmly to the MΦ–Mg motors throughout these experiments, reflecting their 

strong binding to the PLL motor layer. 
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Figure 3.1 MΦ–Mg micromotor preparation and structural characterization. a, Schematic of the 

preparation of the MΦ–Mg motor: 1) ALD of TiO2 over Mg microparticles; 2) Deposition of a 

PLL layer over the Mg/TiO2 micromotors; 3) Incubation of Mg-micromotors and MΦs for 1 h at 

4 °C; 4) MΦ–Mg motor release and propulsion in simulated gastric fluid (pH 1.3). b, Left: SEM 

image of a MΦ–Mg motor (Mg-micromotor is pseudocolored in green and MΦ is pseudocolored 

in pink); Right: EDX images showing the distribution of elemental Mg (green) and Ti (cyan). c, 

Microscopy image displaying the motion of a MΦ–Mg motor in gastric fluid simulant (pH 1.3); 

the MΦ is pseudocolored in pink. 

 

3.1.3 Motion characteristics of MΦ–Mg motors 

The propulsion characteristics of the resulting MΦ–Mg motors were evaluated in vitro in 

simulated gastric acid. The schematic and the microscopy images shown in Figure 3.2a  display 

the movement of MΦ–Mg motors with a motor diameter of: i) 20–25 µm or ii) 10–15 µm. Efficient 

hydrogen bubble generation propelled the Mg micromotor and MΦ–Mg motor in simulated gastric 

fluid (Figure 3.2b and microscopy images at 1 min). Once the Mg motor core was dissolved fully 
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(i.e., completion of the Mg-proton reaction), only open TiO2 shells remained (Figure 3.2c), and 

the propulsion was halted while the MΦ remained attached to the resulting shell (images at 3 min). 

Figure 3.2d schematically illustrates the biohybrid structure with the MΦ attached to the 

Mg microparticle. The motion behavior of the MΦ–Mg motor primarily depends on the dynamic 

characteristics of the biohybrid micromotor, the position of the MΦ on the Mg microparticle and 

the ratio of the effective radius of the MΦ RMΦ to the Mg microparticle radius RMg, defined by: 

  

𝜆 =
RMΦ

RMg
=
dMΦ

dMg
           (1) 

where dMΦ and dMg are the effective diameters of MΦ and Mg microparticle, respectively. 

For a typical MΦ–Mg dimer motor of length l ≅ 30 μm, moving with speed v ≅ 100 μm s−1 

in a fluid of density ρ ≅ 1000 kg m-3 and viscosity μ ≅ 8.9 × 10−4 Pa s, the Reynolds number is Re 

= ρlv/μ ≅ 0.003 ≪ 1. In the low Reynolds number regime, the fluid flow is governed by Stokes 

equation and the MΦ–Mg dimer motor velocity is linearly proportional to the force exerted on the 

motor. Approximating the Mg microparticle and MΦ as spheres, and employing a zeroth-order 

approximation by adding up the hydrodynamics effect of the spherical particles independently, the 

speed of the MΦ–Mg motor  vdimer  relates to the speed of the bare Mg micromotor vMg by 

  

𝑣diameter =
1

1+λ
𝑣Mg            (2) 
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where the relative size λ = dMΦ /dMg  is the ratio of the effective diameter of the MΦ, dMΦ to the 

Mg diameter dMg. In the limit of a very large MΦ compared to the Mg microparticle (λ >> 1), the 

micromotor's driving force is not strong enough to effectively move the MΦ. Practically, in this 

regime the MΦ engulfs the micromotor and there will be no motion. On the other hand, for very 

large micromotors (λ << 1) the MΦ–Mg motor moves with a speed close to that of the bare Mg 

micromotor. Our experimental regime is between these two extremes. 

To compare the modeling prediction with experimental results, we averaged the MΦ–Mg 

motor velocity and their Mg micromotor and MΦ radii for dimers with the micromotor diameter 

in the range of 23−44 µm from the experimental data. We obtained an average velocity of vdimer ≅ 

127.3 ± 6.1 µm s−1, and average diameters for bare Mg micromotor dMg ≅ 33 µm, and dMΦ ≅ 10.6 

μm (λ ≅ 0.32). To compare our model with the experimental data, we fitted first a linear regression 

for bare Mg micromotors as a function of their velocities. For diameter dMg = 33 µm the linear fit 

gives a value of vMg = 167 µm s−1 for bare Mg micromotor velocity. Plugging this value in Equation 

2 along with λ = 0.32, our model approximates a dimer velocity to be vdimer = 126.5 µm s−1, which 

is very close to the experimental velocity value (vdimer = 127.3 ± 6.1 µm s−1). The model can 

qualitatively explain the behavior of the dimers due to the nature of the zeroth order approximation. 

A good agreement is observed between the model and the experimental data despite the 

approximation of Mg microparticle and MΦ as perfect spheres and the fluctuations in the 

experimental data. 

The experimental average speed for bare Mg micromotors in the range of 20–25 µm and 

10–15 µm in simulated gastric fluid was measured, obtaining values of 190.5 ± 13.24 and 62.8 ± 

4.3 µm s−1, respectively, and were compared to the speed of MΦ–Mg motors at 1 min time, with 
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average speeds of 136.3 ± 17.9 and 19.9 ± 2.1 µm s−1, respectively (Figure 3.2e). The 

corresponding theoretical values from Equation 2 for a MΦ–Mg motor with MΦ of diameter dMΦ 

= 15 µm are 114.294 and 28.545 µm s−1 using Mg micromotors of 20–25 and 10–15 µm, 

respectively. The observed MΦ–Mg motor velocities correspond to a relative speed of about five 

body lengths per second, indicating that these biohybrid motors can rapidly react and move in the 

gastric fluid. In addition, no propulsion movement was observed when the MΦs were attached to 

5 µm Mg micromotors. 

 

Figure 3.2 Propulsion characteristics of MΦ–Mg motors. a, Schematic and microscopy images of 

a MΦ–Mg micromotor with motor diameters of: i) 20–25 µm or ii) 10–15 µm at time = 0 min. b, 

Schematic and microscopy images of a MΦ–Mg micromotor with motor diameters of: i) 20–25 

µm or ii) 10–15 µm propelling in gastric fluid solutions at time = 1 min. c, Schematic of the MΦ–

Mg shell (with partial Mg depletion) at time = 3 min, along with microscopy images of a MΦ–Mg 

shell corresponding to the two motor sizes (i, ii) at time = 3 min. d, Modeling of the dynamics of 

a dimer where a MΦ of an effective radius RMΦ is attached to a Mg-based micromotor with radius 

of RMg (following partial Mg depletion). e, Comparison of the speed of 10–15 µm and 20–25 µm 

Mg motors and MΦ–Mg motors in the gastric fluid simulant (values defined at time = 1 min). 

 

 



134 

 

3.1.4 Size-dependent interaction of MΦs with polystyrene (PS) microparticles. 

Since the MΦ–Mg biohybrid motor design is based on the interaction between MΦs and 

Mg micromotors, it is essential to verify that these cells do not engulf the motors after the binding 

process. Few studies have examined the relation between the particle size and its engulfment by 

MΦ.30 In this work, we studied the size-dependent engulfment by MΦs using polystyrene (PS) 

microparticles with four different size ranges (1–2, 4–5, 10–12, and 20–25 µm) as model particles 

in the size range of the Mg micromotors. Figure 3.3 displays bright-field, fluorescence (green 

channel, FITC dye), and merged images corresponding to MΦs incubated with the different sized 

PS microparticles. It is observed that the 1–2 and 4–5 µm PS microparticles were internalized by 

the MΦs, while the bigger PS microparticles (10–12, and 20–25 µm) just interacted with the outer 

membrane of the MΦs without being internalized. These results not only explain why no 

propulsion was observed using Mg micromotors smaller than 5 µm, but also indicate that Mg 

micromotors larger than 5 µm are essential for realizing MΦ–Mg biohybrid motors. 
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Figure 3.3 Mimic the interaction of MΦs with Mg motors. For fluorescence imaging, the PS 

particles were labeled with FITC dye (green color). Small PS particles (<10 µm) were prone to be 

engulfed by the MΦ while large particles attached on the cell membrane of the MΦ (not 

internalized). 

 

3.1.5 Endotoxin (LPS) binding with MΦ–Mg motors. 

Another important factor to consider in the fabrication of the MΦ–Mg motors is the cell 

viability and functionality of MΦ cells following the different modification steps. To test these, 

Calcein AM (λex/λem, 488 and 520 nm, respectively) and lipopolysaccharide (LPS) conjugated 

with Alexa Fluor594 (λex/λem, 590 and 617 nm, respectively) were used to evaluate the cell 

viability and functionality, respectively. Figure 3.4 demonstrates that the MΦ attached to the 

micromotor showed a strong green fluorescence, which is consistent with the free MΦ, and 

indicates that the motor conjugation process does not affect the cell viability. In addition, the LPS 
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binding capability of the MΦ was mostly retained after the modification process, as the MΦ 

conjugated with the motor showed comparable fluorescence intensity after incubating with LPS 

conjugates. Further studies were performed to evaluate the viability of the attached MΦs after the 

micromotor reaction in gastric fluid simulant. The results (shown in Figure S3 in the Supporting 

Information) demonstrate that the MΦs remained viable, retaining all their biological functions 

after being exposed to gastric fluid for 5 min, 1 h, 2 h, and 4 h, confirming the good stability of 

the system. Overall, these results demonstrate that the motor conjugation process does not affect 

either the cell viability or the membrane functional proteins, and that the attached MΦ is not 

damaged due to the hybrid biomotor fabrication process. 

 

Figure 3.4 Cell viability and functionality of MΦ–Mg motors Microscopy images of a free MΦ 

(top) and a MΦ–Mg motor (bottom) after 30 min incubation with Calcein AM (λex/λem, 488 and 

520 nm) and LPS labeled with Alexa Fluor594 (λex/λem, 590 and 617 nm), in DMEM medium at 

37 °C. 
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3.1.6 Endotoxin (LPS) neutralization with MΦ–Mg motors. 

As was stated before, it is essential that the MΦs maintain their viability and biological 

functionality after binding to the Mg micromotors. Specifically, MΦs have the ability to bind and 

neutralize endotoxins. LPS is a hazardous endotoxin released from the membrane of Gram-

negative bacteria, which can induce strong inflammatory response31 and has a preponderant role 

in the development of sepsis.32, 33 Since this is one of the most important roles of MΦs in the body, 

it is critical to ensure that these cells are still functional and retain their endotoxin binding ability. 

Figure 3.5a illustrates an active MΦ–Mg motor binding to the endotoxin released by Escherichia 

coli. Aiming to test the ability of the MΦ–Mg motor to neutralize LPS, to illustrate the cell 

functionality after its binding with the Mg micromotors, we thus performed in vitro LPS binding 

and neutralization experiments. For this study, 0.25 EU (units of endotoxin) were used for each 

group. First, the maximum LPS binding capacity of a fixed amount of MΦs (1 × 106) was examined 

by titrating the concentration of LPS, finding that 1 × 106 MΦs can neutralize 0.25 EU LPS after 

1 h incubation with periodic shaking. Then, the LPS binding ability of MΦ–Mg motors was 

compared to that of free MΦs (used as a positive control). In addition, DMEM medium was used 

as a negative control. After incubation, remaining LPS quantification was carried out using 

ToxinSensor chromogenic LAL endotoxin assay kit following the manufacturer's guideline. The 

results showed that following 5 min reaction, the MΦ–Mg motors removed 66.82 ± 6.31% of LPS 

from the system, around 13% more than free MΦs (53.34 ± 4.48%). For a better understanding, 

these data are graphed in Figure 3.5b in terms of remaining LPS, where the lowest value is obtained 

with the MΦ–Mg motors as demonstrated by the statistical analysis. This can be explained by the 

fact that using the MΦ–Mg motors, the MΦ receptor is rapidly moving through the solution, 

keeping the reaction under constant stirring and thus binding more LPS, while the free MΦs are 



138 

 

present in suspension. These results illustrate that this new biohybrid motor maintains the natural 

biological function of MΦs. 

To gain insights into the characterization of this new biohybrid motor, a time-dependence 

study was carried out, in which the performance of the MΦ–Mg motors and the free MΦs toward 

binding LPS at different time points was evaluated (Figure 3.5c). After 2 min of reaction, MΦ–

Mg motors neutralized nearly 45% of the LPS, after 5 min almost a 56%, and after 10 min around 

66%. Since the micromotor velocity tends to be higher during the initial 2 min, the best 

performance of this new biohybrid is expected during this period, which is consistent with the 

obtained data. 
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Figure 3.5 Endotoxin (LPS) neutralization with MΦ–Mg motors. a, Schematic illustration of using 

MΦ–Mg motors to neutralize LPS produced by bacteria: a) MΦ–Mg motors propelling in a 

bacterial culture medium; b) LPS released by E. coli bacteria; c) LPS neutralization by MΦ–Mg 

motors. b, LPS removal with MΦ–Mg motors in comparison with free MΦs. Error bars estimated 

as a triple of SD (n = 3). Bars represent median values. *P < 0.05, ***P < 0.001. c, Evaluation of 

MΦ–Mg motor toxin neutralization performance at different times and comparison with free MΦs. 
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3.1.7 Discussion 

We have reported the fabrication and unique property of a biohybrid MΦ–Mg motor, 

combining a Mg-based micromotor with a living MΦ cell. The resulting MΦ–Mg motors were 

able to propel in acidic environment, reaching average speeds of 127.3 µm s−1, which was in 

agreement with numerical modeling based on dynamic characteristics of the micromotor, such as 

its relative size and position of the MΦ on the micromotor. The formation of the MΦ–Mg motors 

is dependent on the size of the Mg micromotors; larger than 10 µm Mg micromotors resulted in 

MΦs attaching to the motor surface, but smaller than 5 µm Mg micromotors would be engulfed 

by the MΦs. The propulsion behavior of the Mg micromotors enabled movement of the whole 

MΦ–Mg motors and thus rapid transport of the attached MΦs, while retaining the viability and 

biological functionality of their source cells, as indicated from the endotoxin neutralization study. 

While MΦs were used in this work, the new biohybrid strategy represents a platform technology 

and should be generalizable to other types of cells for other specific application purposes. 

 

3.1.8 Experimental section 

Mg Micromotors Fabrication: Mg-based micromotors were prepared using commercial 

magnesium (Mg) microparticles (catalog #FMW20, TangShan WeiHao Magnesium Powder Co.; 

average size, 20 and 10 µm) as the core. The Mg microparticles were initially washed with acetone 

to remove impurities. After drying under N2 flow the Mg microparticles were dispersed onto glass 

slides (2 mg of Mg microparticles per glass slide) and coated with TiO2 by ALD (at 100 °C for 
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3000 cycles) using a Beneq TFS 200 atomic layer deposition system. This deposition allowed for 

leaving a small opening at the contact point of the particle to the surface of the glass slide. 

MΦ–Mg Motor Fabrication: To fabricate the MΦ–Mg motor, the Mg micromotors were coated 

with 100 µL of 0.01% (w/v) PLL solution prepared in water (Sigma-Aldrich, P8920) to allow for 

better binding to the MΦs. This PLL coating was distributed around 80% of the surface of the Mg 

micromotor, thus facilitating later interactions with MΦs at 1:1 ratio. J774.A1 mouse MΦs 

(diameter in suspension, 10–16 µm) were purchased from the American Type Culture Collection 

(ATCC). Then, the modified micromotors were collected from the glass slide by gently scratching 

and washed 2 times with ethanol and Dulbecco's modified Eagle medium (DMEM), with 3 min 

centrifugation at 3000 rpm between each washing step. Finally, 2 mg of these micromotors and 1 

mL of MΦs (1 × 106 cells per mL of DMEM) were incubated at 4 °C for 1 h to allow the attachment 

of MΦs with Mg motors to form MΦ–Mg motors. Subsequently, the MΦ–Mg motors were washed 

three times with DMEM to remove all the unbound cells. 

MΦ–Mg Motor Characterization: Bright-field, fluorescence, and merged images of the MΦ–Mg 

motors were obtained with an EVOS FL microscope coupled with 20× and 40× objectives and a 

fluorescence filter for green light excitation. Scanning electron microscopy (SEM) images were 

captured using a FEI Quanta 250 ESEM instrument (Hillsboro, Oregon, USA), using an 

acceleration voltage of 10 kV. Energy-Dispersive X-Ray Spectroscopy (EDX) mapping analysis 

was carried out with an Oxford EDS detector attached to SEM instrument and controlled by 

Pathfinder software. 

MΦ–Mg Motor Propulsion: The MΦ–Mg motor propulsion was evaluated using simulated gastric 

fluid (Sigma-Aldrich, 0 1651), which was diluted 10 times and supplemented with 0.2% Triton X-
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100 (Fisher Scientific, FairLawn, NJ, USA) as a surfactant. To capture videos of the motion of the 

MΦ–Mg motor, an inverted optical microscope (Nikon Eclipse Instrument Inc. Ti-S/L100) 

coupled with different microscope objectives (10×, 20×, and 40×), a Hamamatsu digital camera 

C11440, and NIS Elements AR 3.2 software was used. An NIS Element tracking module was used 

to measure the speed. 

MΦ-Particle Interaction Study: Polystyrene (PS) particles were washed two times with ethanol 

through centrifugation at 3000 rpm for 3 min each; then the microparticles were transferred to 

DMEM medium, washed two times with this medium, and incubated in a 0.01% PLL solution 

which was labeled with the fluorescein (FITC) dye for visualization. The PS microparticles and 

MΦs were incubated in DMEM for 1 h at 4 °C and observed under the optical and fluorescence 

microscope. 

MΦ Viability and Functionality Study: Calcein AM (λex/λex, 488/520 nm, respectively) 

(ThermoFisher Scientific, C3100 MP), Lipopolysaccharides from Escherichia coli Serotype 

055:B5, and Alexa Fluor 594 conjugates (λex/λex, 590/617 nm, respectively) (ThermoFisher 

Scientific, L23353) were used to study cell viability and LPS binding functionality simultaneously. 

In the study, 2 mg of MΦs-Mg motors, 3 × 10−6 M of Calcein AM, and 1 EU mL−1 of LPS 

conjugate with alexa fluor were incubated at 37 °C for 30 min in DMEM, homogenizing every 5 

min; then, free cells and MΦs–Mg motors were analyzed using an EVOS FL microscope coupled 

with 20× and 40× microscopes objectives and fluorescence filters for green and red light excitation. 

Calcein AM was used for studying the MΦ viability after reaction and propulsion in gastric fluid 

simulant. The MΦ–Mg motors were exposed to the gastric fluid simulant during different times. 
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Then, MΦ–Mg motors were incubated with Calcein AM at 37 °C for 30 min and microscopy 

images were taken to evaluate the cell viability. 

Endotoxin Binding and Neutralization: To evaluate the in vitro endotoxin (LPS) binding and 

neutralization, 2 mg of MΦ–Mg motors and 0.25 EU of LPS were left reacting in acidic medium 

for 5 min; free MΦs (1 × 106 cell per mL) were used as positive control and DMEM as negative 

control. After the reaction was completed, the sample was centrifuged at 1400 rpm for 3 min to 

spin down the cells together with the Mg micromotors. To quantify LPS in the supernatant, the 

Toxisensor chromogenic LAL endotoxin assay kit (Cat. No. L00350) was used. The binding and 

neutralization capacity of the MΦ–Mg motor was calculated by deducting the remaining LPS in 

the supernatant. 

 

Chapter 3.1, in full, is a reprint of the material as it appears in Advanced Materials, 2019, 

by Fangyu Zhang, Rodolfo Mundaca-Uribe, Hua Gong, Berta Esteban-Fernández de Ávila, Mara 

Beltrán-Gastélum, Emil Karshalev, Amir Nourhani, Yao Tong, Bryan Nguyen, Mathieu Gallot, 

Yue Zhang, Liangfang Zhang, Joseph Wang. The dissertation author was the primary investigator 

and author of this paper. 
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3.2 Enzyme-powered Janus platelet microrobots for active and targeted drug delivery 

3.2.1 Introduction 

Evolved with distinctive features such as low immunogenicity, long life span, and binding 

specificity, natural cells have proven highly advantageous as carriers of therapeutic and diagnostic 

agents.1–3 For example, platelets are tiny, anucleate cells derived from the megakaryocyte of the 

bone marrow. Because of the relatively short life span of an individual platelet (around 8 to 10 

days), billions of new platelets are produced daily to maintain normal platelet counts.4 The large 

volume and surface area of platelets facilitate efficient drug loading. With their combined 

abundancy, fast replenishment, high drug loading efficiency, and specific binding to biological 

threats, platelets have been considered an attractive platform for targeted drug delivery.5–9 

However, vital cells, such as red blood cells (RBCs) and platelets, are immobile and rely on blood 

flow and passive diffusion to reach their desired destination, which may limit their overall binding, 

transport, and therapeutic efficacy when used as drug carriers. Transforming these passive cell 

systems into active and mobile delivery platforms is expected to open up new opportunities. Such 

a change in the operation of nanoscale systems from passive to active has been recently 

demonstrated with impressive benefits10–22, including prolonged intestinal retention12 and 

accelerated detoxification22. 

The use of micro/nanomachines that convert energy to propulsive force offers a viable 

route for realizing active cell-based delivery systems.23–26 Recent efforts toward cell-motor hybrid 

platforms can be classified into two main categories on the basis of the propulsion mechanism. 

The first category of cell robots relies on the propulsion by external fields, where cells are 

integrated with active components that respond to external stimulations (i.e., magnetic, acoustic, 
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etc.).27–31 Such externally propelled cell systems may experience constraints, such as the need for 

complex actuation equipment. The second category of cell-motor systems operates autonomously, 

relying on self-propelled micromotors interfaced with functional cells.22, 32, 33 For instance, natural 

cells such as RBCs and macrophages have been attached to bacteria or magnesium (Mg)–based 

micromotors, respectively.22, 33 However, several concerns of biohybrid systems may limit their 

utility in practical clinical settings. For example, the pathogenicity and immunogenicity of bacteria 

may compromise the biocompatibility of bacteria-based platforms. Toxic propulsion fuels (e.g., 

H2O2) or short motor lifetimes (e.g., Mg-based micromotors) are additional barriers for diverse 

biomedical applications. Therefore, a fully biocompatible and biodegradable cell robot, capable of 

long-lasting self-propulsion in biological fuel, is highly desirable. 

With the aforementioned design considerations, the use of enzymes to modify live cell 

motors represents an attractive approach, given their ability to convert their substrate biofuel into 

a driving force.34–37 Enzyme-based micro/nanomotors, relying on biocatalytic reactions of widely 

available biocompatible fuel substrates, can thus be used for practical biomedical applications. 

Such enzymes integrated onto micro/nanostructures can generate sufficient power in biological 

media containing their substrate fuel to overcome random Brownian motion and display efficient 

propulsion without requiring external fuels.38–40 Although early studies reported on the successful 

non-Janus modification of inorganic micro/nanospheres with enzymes to achieve propulsion37, 41–

43, breaking the symmetry to obtain a Janus structure is essential for achieving asymmetric driving 

force and generating efficient directional propulsion. The ability to immobilize enzymes onto cell 

surfaces has been proven viable for various applications44–46, but reports on an active self-propelled 

cell motor based on enzyme modification of a cell surface in a Janus manner are scarce. 
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Here, we present urease-powered Janus platelet micromotors (JPL-motors) prepared by 

immobilizing the enzyme asymmetrically onto the surface of natural platelets (Fig. 1). As a major 

type of circulating blood cells, platelets offer multifunctionality in response to various 

microenvironments (i.e., hemostasis, inflammation, angiogenesis, wound healing, etc.) and 

specific binding to biological threats (cancer cells, bacteria, etc.) due to the versatile receptors on 

their surface.4, 47, 48 The JPL-motors developed in the present study leverage the intrinsic binding 

specificity and capacity of platelets to other biological subjects7, 49 for developing a new generation 

of targeted platelet micromotor powered by biocatalytic reactions of bioavailable fuels. By 

preserving the biological and structural features of regular platelets, the resulting JPL-motors have 

a wide range of platelet-like functions that other synthetic motors cannot achieve, for instance, 

specific binding and targeted delivery to cancer cells and bacteria. 

The JPL-motors were fabricated by partially blocking the platelet surface through 

attachment of the platelets to a poly(l-lysine) (PLL)–modified surface in a commercial 12-well 

plate, followed by modifying the unblocked platelet surface with urease via a biotin-streptavidin-

biotin binding complex (Fig. 3.6a). The biocatalytic reaction of the surface-bound urease in the 

presence of urea fuel generates an effective propulsion force through a chemophoretic mechanism. 

The resulting JPL-motors thus show efficient motion in diverse biological fluids in the presence 

of urea and significant propulsion enhancement in comparison with urease fully modified (non-

Janus) platelets (denoted as “non-JPLs”), reflecting their asymmetrical structure. Our study 

demonstrates that the urease modification has a negligible effect on the functional proteins present 

on the platelet surface. This allows us to design a targeted platform on the basis of the intrinsic and 

specific binding of platelets to biological targets. The effective propulsion of the resulting JPL-

motors in the presence of the urea fuel shows accelerated binding with cancer cells and bacteria 
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and improved therapeutic efficacy of JPL-motors loaded with the model anticancer and antibiotic 

drugs, respectively. The integration of platelets with the urease biocatalytic engine enables the 

creation of an endogenous, biocompatible, and biodegradable cell robot that has the intrinsic 

properties of platelets along with the ability to self-propel. The cell surface engineering used for 

preparing the Janus urease coating represents a facile and robust method to asymmetrically 

functionalize the surface of natural cells. Such surface functionalization holds considerable 

potential for developing advanced cell robots. Using the body’s own cellular materials as building 

blocks bestows the cell robots with capabilities to meet the rigorous properties required for 

biological applications, including superb biocompatibility, natural targeting ability, and high 

cargo-carrying capacity. These unique features would enable the cell robots for diverse biomedical 

applications including drug delivery, immunotherapy, and detoxification. Although the concept of 

creating enzyme-powered cell motors via an asymmetric biocatalytic cell coating has been 

presented here in connection to urease-modified platelet cells, it could be readily expanded for 

developing a multitude of self-propelled cell-based micromotors with diverse biofunctionalities 

based on different natural cells and enzyme modifications. 

 

3.2.2 Fabrication and characterization of JPL-motors 

The JPL-motors were fabricated in a commercial PLL-modified 12-well plate. PLL is a 

positively charged amino acid polymer with lysine residues that are commonly used to coat tissue 

culture vessels to promote the nonspecific attachment of negatively charged cells or proteins 

through electrostatic interactions.22, 50 To accomplish the asymmetric surface modification, 

platelets were attached first to the PLL surface through centrifugation and further incubated for an 
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hour. The centrifugation allowed partial platelet immersion into the PLL layer on the 12-well plate 

bottom, whereas the following incubation reinforced electrostatic attachment between the 

positively charged PLL surface and the negatively charged platelet membrane. This process 

enabled the partial blocking of the platelet membrane and allowed the subsequent Janus urease 

immobilization. As shown in Fig. 3.6a, the primary amines of the cell membrane proteins provided 

stable anchorage for cell surface engineering.44 

Then, sulfo–N-hydroxysuccinimide (NHS)–biotin, streptavidin, and urease-biotin were 

sequentially introduced to modify the platelet surface with urease (see Materials and Methods). 

Last, the resulting JPL-motors were dissociated from the PLL surface and suspended in phosphate-

buffered saline (PBS) at 4°C until use. Using strong noncovalent binding interactions, the biotin-

streptavidin-biotin complex provided a robust connection between the platelets and urease, 

ensuring high stability of the resulting cell robots in diverse biological environments. 

The fabricated JPL-motors were characterized first by fluorescence microscopy using 

Cyanine5 [Cy5; excitation (Ex)/emission (Em) = 646/662 nm]–labeled urease. The optical and 

fluorescent images of JPL-motors with Cy5-labeled urease demonstrate the monolayer distribution 

of JPL-motors on the well plate surface before pipetting. Further measurement of the JPL-motor 

sizes verified that about 82% of the JPL-motors are within a narrow size range of 1.4 to 2.6 μm. 

The fluorescent image (i) of the Cy5 channel in Fig. 3.6b shows the Janus distribution of urease 

on JPL-motors. The merged image (ii) of the bright-field and Cy5 channels confirmed the effective 

localization of urease on JPL-motors and further verified the successful Janus modification of 

urease on platelet membranes as displayed by the asymmetric localization of the Cy5 fluorescent 

dye on the platelet surface. Moreover, the fabricated JPL-motors maintained the characteristic 
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shape of platelets, revealing no damage to the cell morphology during the modification process or 

detachment of JPL-motors from the PLL substrate. The modification feasibility and efficiency of 

urease was further explored by flow cytometry analysis. As shown in Fig. 3.6c, around 96% of 

JPL-motors were Cy5 positive, whereas the Cy5 signal was not observed in control experiments 

involving unmodified PLs or Janus modification of platelets without using biotinylated urease or 

streptavidin. Such results further demonstrate the successful modification of urease on the JPL-

motors. We also examined whether the JPL-motors remained as activated platelets, which is 

directly related to the inherent properties of platelets, such as their specific binding capability. 

Expression of P-selectin, a hallmark platelet activation marker, was thus evaluated among rest 

platelets (freshly isolated platelets without activation), unmodified but activated platelets, and JPL-

motors. The results of flow cytometry analysis, displayed in Fig. 3.6d, reveal that the P-selectin 

expression for both unmodified PLs and JPL-motors was significantly enhanced in comparison 

with that of rest platelets, indicating that the platelets used for fabricating the JPL-motors were 

activated and unaltered by the urease modification. Furthermore, we investigated the effect of cell 

surface engineering on the protein content of JPL-motors. A bicinchoninic acid (BCA) protein 

assay was performed, as shown in Fig. 3.6e. The protein content of JPL-motors was slightly higher 

than that of unmodified PLs at the same cell concentration (5 × 1011 cells/ml), which may be 

ascribed to the additional molecules (i.e., biotin) and proteins (i.e., streptavidin and urease) on the 

JPL-motor membrane. On the basis of the protein quantification, we also estimated the amount of 

urease per JPL-motor, which corresponds to 136 ± 25 molecules. Details of these calculations are 

given in the Supplementary Materials. Gel electrophoresis analysis of Fig. 3.6f illustrates that the 

protein profile of JPL-motors matches closely to that of unmodified PLs at the same protein 

concentration. However, the bands of the attached streptavidin or urease moieties cannot be found 
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in the gel electrophoresis analysis because of their significantly lower amounts compared with 

those of proteins existing on the platelet surface. These results demonstrate that the platelet surface 

can be modified with urease without altering its protein profile, which is a prerequisite for 

subsequent biomedical applications of JPL-motors. 

 

Figure 3.6 Fabrication and characterization of JPL-motors. a, Schematic of the fabrication of JPL-

motors. Platelets were attached first to a PLL surface and then modified with urease via a biotin-

streptavidin-biotin binding complex. b, Fluorescent (i) and merged (ii) images of Cy5 and bright-

field channels of JPL-motors with Cy5-labeled urease. c, Representative flow cytometry 

histograms of Cy5-labeled urease under different conditions: JPL-motors (orange) and control 

experiments with unmodified platelets (red) and Janus modification of platelets without using 

biotin on urease (blue) or streptavidin (cyan). a.u., arbitrary units. d, Representative flow cytometry 

histograms of the platelet activation marker P-selectin on JPL-motors (orange), unmodified 

platelets (red), and resting platelets (blue). e, Quantification of the protein content of unmodified 

platelets (PL; red) and JPL-motors (orange) (both 5 × 1011 cells/ml), stored in 1× PBS at 4°C for 

24 hours. Error bars represent SDs from three independent measurements. The mean protein 

amount of unmodified platelets was normalized to 100% (*P < 0.05, t test). f, SDS–polyacrylamide 

gel electrophoresis analysis of proteins presented on unmodified platelets (PL) and JPL-motors. 

The samples were run at equal protein content and stained with Coomassie blue. 
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3.2.3 Propulsion performance of JPL-motors and non-JPLs 

The Janus distribution of urease over the platelet surface results in asymmetric biocatalytic 

decomposition of urea into ammonia and carbon dioxide, as illustrated in Fig. 1A and the following 

Eq. 1: 

(NH2)2CO+H2O 
𝑢𝑟𝑒𝑎𝑠𝑒
→     CO2+2NH3   (1) 

Subsequently, a concentration gradient and active directional flow of reaction products around 

JPL-motors are generated, which drives the JPL-motor to undergo self-diffusiophoretic 

propulsion. The propulsion data were acquired by optical tracking of individual micromotor 

samples. Figure 3.7a displays the typical tracking trajectories of JPL-motors in the presence of 

varying urea concentrations (0, 50, 100, and 200 mM) in PBS and illustrates the enhanced motion 

with increasing urea fuel concentrations. On the basis of the X-Y coordinates of the micromotor 

trajectories, taken from the optical tracking, the mean-squared displacement (MSD) was calculated 

as a function of the time interval (Δt) along with different concentrations. In Fig. 3.7b, the MSD 

increases linearly with time in low fuel concentration. This behavior changed at higher urea 

concentrations (100 and 200 mM), starting off as linear and shifting to parabolic, reflecting the 

effective directional motion of the cell robots under these conditions. Aiming at using JPL-motors 

in practical biomedical applications, we also examined the propulsion behavior of the motors in 

biologically relevant environments. As illustrated in Fig. 3.7c, the motion behavior of the cell 

robots in Dulbecco’s modified Eagle medium (DMEM), blood, and simulated urine in the presence 
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of 100 mM urea is comparable with their movement in PBS. The effective diffusion coefficient 

(Deff) was estimated by fitting the MSD curves to Eq. 2 

MSD(Δt)=4Deff Δt   (2) 

where Deff represents the effective diffusion coefficient and Δt represents the time interval51, 52. 

The corresponding Deff is shown in Fig. 3.7d. Such propulsion behavior of the JPL-motors in 

various media further demonstrates the robustness of the Janus modification under different 

conditions toward expanded possibilities in diverse environments. We also explored the propulsion 

behavior of unmodified PLs in aforementioned biological fluids containing 100 mM urea. As 

expected, in the absence of immobilized urease engine, only a Brownian motion was observed in 

the different media. Because the Brownian motion is affected only by the temperature and the 

viscosity of the fluid, the unmodified PLs (lacking the urease engine) are expected to display 

Brownian motion independent of the presence of urea. We also examined the lifetime of the JPL-

motors. The JPL-motors still displayed effective propulsion after 30 min at a urea concentration 

of 100 mM compared with their initial motion. Such biocatalytic propulsion with long life span 

holds great potential for addressing the requirement of practical applications. The observed path 

decrease is largely due to the depletion of the urea fuel, whereas the slow translational diffusion 

of the attached urease enzymes on cell membrane might also contribute to the path decrease by 

breaking the asymmetric enzyme distribution on the JPL-motors. 

Several studies have reported that non-Janus coating of enzymes on polystyrene particles37 

or mesoporous silica nanoparticles41–43 could enhance diffusive motion due to the unbalanced 

distribution of enzymes on the surface. Here, non-JPLs were also fabricated (see Materials and 

Methods) to compare their propulsion behavior with that of JPL-motors. The characterizations of 



155 

 

non-JPLs with Cy5-labeled urease are presented. The fluorescence intensity of Cy5-labeled urease 

can be observed uniformly over the surface of the platelets. The successful fabrication of non-JPLs 

is further confirmed by flow cytometry analyses, demonstrating that the non-JPLs display a strong 

Cy5 signal (~99%) compared with the unmodified PLs. Compared with the images shown in Fig. 

3.6b, such results further validated our methodology for Janus cell surface engineering. The optical 

tracking trajectories and calculated MSD of non-JPLs were shown in Fig. 3.7 (e and f, 

respectively), where an increase in displacement was observed upon increasing the urea 

concentration. However, as expected, JPL-motors displayed a more efficient propulsion and larger 

MSD compared with the corresponding non-JPLs. This difference was attributed to the asymmetric 

propulsion force generated by JPL-motors and was further confirmed by the Deff and speed. Figure 

3.7g compares the calculated Deff of JPL-motors and non-JPLs. Although no major difference was 

observed in the absence of fuel, in the presence of urea, the Deff of JPL-motors was approximately 

two times higher compared with that of non-JPLs at the same fuel concentration. A similar trend 

was observed in Fig. 3.7h when comparing the speed obtained from optical tracking, with the JPL-

motors displaying a higher speed (1.62-fold) than non-JPLs at 200 mM urea. Overall, these results 

demonstrate that JPL-motors exhibit effective movement in various biological media in the 

presence of urea and enhanced propulsion compared with non-JPLs, reflecting the stronger net 

propulsion force generated by the asymmetric enzyme distribution on the cell surface. 
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Figure 3.7 Motion behavior of JPL-motors. a,b, Optical tracking trajectories (over 20 s) and MSD 

of JPL-motors in PBS solution with different urea concentrations [n = 15; mean ± standard error 

of the mean (SEM)]. c,d, MSD and corresponding Deff of JPL-motors in various media at the same 

urea concentration (100 mM) (n = 15; mean ± SEM). e,f, Optical tracking trajectories (20 s) and 

MSD of the non-JPLs in PBS solution with different urea concentrations. g,h, Comparisons of the 

Deff (n = 15; mean ± SEM) and speed (n = 15; mean ± SD) of JPL-motors and non-JPLs in the 

presence of different urea concentrations. *P < 0.05, **P < 0.01, and ***P < 0.001; ns, no 

statistical significance; t test. 

 

 

 

3.2.1 In vitro anticancer drug delivery of JPL-motors 

The successful fabrication of JPL-motors and their effective propulsion in diverse biological fluids 

allowed us to investigate their use in biological applications. Considering that platelets play crucial 

roles in cancer metastasis, including interacting directly with cancer cells47, the active targeted 

JPL-motor platform holds great potential to improve drug delivery to cancer cells. Here, the breast 

cancer cell MDA-MB-231, known for its interaction with platelets53, was used as a model to 

evaluate the anticancer activity of chemodrug-loaded JPL-motors (Fig. 3.8a). We first examined 

the specific adhesion of JPL-motors to cancer cells. Figure 3.8b presents a scanning electron 
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microscope (SEM) image illustrating the adhesion and aggregation of JPL-motors (pseudocolored 

in pink) on an MDA-MB-231 cell (pseudocolored in purple) after 10 min of incubation at a urea 

concentration of 100 mM. Such specific binding is also demonstrated by fluorescent microscopy. 

JPL-motors and MDA-MB-231 cells were labeled with Cy5 and Hoechst 33342 (Ex/Em = 361/497 

nm) dyes, respectively. Figure 3.8c shows the bright-field (i) and fluorescent (ii to iv) images of 

JPL-motors (iii, red) attached onto an MDA-MB-231 cell (ii, blue). The adhesion of cancer cells 

with PLs and RBCs has been used as positive and negative controls, respectively, to further explore 

the effect of the urease modification on the binding affinity of platelets. JPL-motors, PLs, and 

RBCs have thus been labeled with 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine 

(DiD; Ex/Em = 648/668 nm) and incubated for 30 min with MDA-MB-231 cells at the ratio of 

10:1, followed by flow cytometry analysis. Both the JPL-motors and PLs displayed comparable 

DiD positive (~96%), whereas no DiD signal was observed for the negative RBC control. These 

data demonstrate that the enzyme modification of JPL-motors has no influence on the intrinsic 

adhesion properties of platelets, which is in agreement with the results of Fig. 3.6d and allows the 

design of JPL-motor–based targeted delivery platforms. 

After confirming the specific binding capability of JPL-motors with MDA-MB-231 cells, 

the antitumor efficacy of drug-loaded JPL-motors was evaluated. Doxorubicin (DOX), a widely 

used chemotherapeutic drug, was selected for this study. The drugs are expected to be loaded onto 

the platelet cell through both electrostatic absorption and cellular endocytosis54–56. Initially, the 

capability of JPL-motors to load DOX was confirmed by fluorescent microscopy. Then, the 

loading capacity was explored with increasing inputs of DOX. In Fig. 3.8d, JPL-motors showed 

comparable loading capacity to unmodified PLs, indicating that the surface modification only has 

a slight effect on drug encapsulation. The maximum loading amount was obtained with 25 μM 



158 

 

input concentration of DOX, corresponding to a 20% loading efficiency per 108 cells (Fig. 3.8d), 

whereas larger DOX concentrations provided lower loading efficiencies. We also explored the 

propulsion behavior of DOX-loaded JPL-motors. Only slight differences in trajectory and MSD 

were observed between DOX-loaded JPL-motors and unloaded JPL-motors, reflecting the 

effective propulsion of the drug-loaded cell robot platform. Subsequently, the DOX release from 

JPL-motors was analyzed over 24 hours at two different pH values. The JPL-motors displayed a 

similar and comparable DOX release behavior compared with PLs (Fig. 3.8e). The enhanced DOX 

release within 24 hours at a lower pH 5.0, compared with that at the physiological pH 7.4, might 

be due to the destabilization and protein denaturation of the platelet membrane at a lower pH 

value57. Enhanced release at low pH may facilitate effective drug delivery to tumors with their 

acidic microenvironments. Before evaluating the anticancer efficacy of DOX-loaded JPL-motors, 

the binding efficiency of cancer cells with JPL-motors or unmodified PLs was analyzed. Both JPL-

motors and unmodified PLs were labeled with DiD and then incubated with MDA-MB-231 cells 

at 100 mM urea for different periods (5 min, 10 min, 30 min, 1 hour, 2 hours, and 4 hours). The 

optimized centrifugation speed of 100 relative centrifugal force (rcf) per minute was chosen to 

isolate the resulting aggregates from the free JPL-motors, PLs, and cancer cells. Then, the 

fluorescence intensity of DiD was measured. A rapid increase in fluorescence was observed within 

30 min for JPL-motors, followed by a gradual saturation in signal (Fig. 3.8f). In contrast, MDA-

MB-231 cells cultured with unmodified PLs showed a much slower fluorescent signal increase, 

demonstrating that the active motion can accelerate the specific adhesion between JPL-motors and 

cancer cells. The incubation time with the maximum difference of binding efficiency was 10 min, 

where the fluorescence intensity of DiD in JPL-motors reached a 2.55-fold increase compared with 

that of passive unmodified PLs. Subsequently, anticancer efficacy was evaluated on the basis of 
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the optimized incubation time. Figure 3G displays the viability of MDA-MB-231 cells cultured at 

various conditions for 10 min and then isolated for another 24 hours of incubation. Three urea 

concentrations (0, 50, and 100 mM) were examined for each condition. Incubation with PBS or 

urea only (control in Fig. 3G) and JPL-motors without DOX loading (JPL-motor in Fig. 3.8g) were 

performed as negative controls and resulted in a negligible influence on cell viability, indicating 

the biocompatibility of JPL-motors and their propulsion fuel. When treated with free DOX, cancer 

cells displayed around 80% cell viability (DOX in Fig. 3.8g). Lower viability (~70%) was 

observed for MDA-MB-231 cells treated with DOX-loaded unmodified PLs (PL-DOX in Fig. 

3.8g). It is also shown that different urea concentrations have negligible effects on cell growth for 

both free DOX and PL-DOX groups. In comparison, cells treated with DOX-loaded JPL-motors 

(JPL-motor–DOX in Fig. 3.8g) exhibited a substantial decrease in viability upon increasing the 

urea concentration. Forty percent cell viability was achieved at 100 mM urea, which is a 1.75-fold 

decrease compared with PL-DOX. The effective propulsion of JPL-motors thus accelerated their 

binding with cancer cells and enhanced local DOX concentration for improved anticancer effects 

(Fig. 3.8g). Overall, these results demonstrate that our cell robot therapeutic platform, with self-

propulsion in the presence of urea, is capable of accelerating specific adhesion to cancer cells and 

enhancing anticancer efficacy. 
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Figure 3.8 Enhanced binding and anticancer activity of chemodrug-loaded JPL-motors. a, 

Schematic of JPL-motor–DOX for cancer-targeted delivery. MDA-MB-231 breast cancer cells 

were selected as a model cell line. b, Pseudocolored SEM image of numerous JPL-motors (red) 

attached to an MDA-MB-231 cell (purple). c, Bright-field (i) and fluorescent (ii to iv) images 

showing the binding between an MDA-MB-231 cell and JPL-motors, labeled with Hoechst 33342 

(ii, blue) and Cy5 (iii, red), respectively. Overlay of the two channels is shown in (iv). d, Loading 

efficiency of JPL-motors and unmodified platelets (PLs) at various DOX initial inputs (n = 3; mean 

± SD). *P < 0.05 and **P < 0.01, t test. e, Cumulative release of DOX from DOX-loaded JPL-

motors and unmodified platelets (PLs) at pH 5.0 or 7.4 over 24 hours (n = 3; mean ± SD). f, 

Comparison of the fluorescence intensity of MDA-MB-231 cells after incubation with DiD-labeled 

JPL-motors or unmodified platelets (PLs) over different periods of time at 100 mM urea (n = 3; 

mean ± SD). g, Viability of MDA-MB-231 cells after incubation with control solutions (only PBS 

or urea), JPL-motors, free DOX, PL-DOX, and JPL-motor–DOX at the same DOX concentration 

of 10 μM at various urea concentrations (0, 50, and 100 mM) for 10 min and separated for another 

24 hours of incubation (n = 3; mean ± SD). *P < 0.05 and **P < 0.01, t test. 

 

 

3.2.4 In vitro antibacterial drug delivery of JPL-motors 

Encouraged by the enhanced anticancer efficacy of DOX-loaded JPL-motors, we explored 

whether this active therapeutic platform could be generalized to other payloads and biological 
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threats. Here, we investigated the potential antibacterial application of JPL-motors by taking 

advantage of the platelets’ high binding affinity to certain bacteria.49, 58 We chose Escherichia coli, 

known to bind to platelets59, as the model bacteria to assess the JPL-motor–bacterium interactions 

(Fig. 3.9a). Figure 3.9b displays an SEM image of the adhesion between a JPL-motor 

(pseudocolored in green) and E. coli (pseudocolored in pink) after 5 min of incubation at 100 mM 

urea. The platelet aggregation induced by E. coli was also shown. To further verify the motor-

bacterium binding, we labeled the JPL-motors and E. coli with Cy5 and 4′,6-diamidino-2-

phenylindole (DAPI; Ex/Em = 358/461 nm), respectively. The bright-field (i) and fluorescent 

images (ii to iv) of the E. coli (ii, blue) and JPL-motor (iii, red) aggregates are shown in Fig. 3.9c, 

revealing the binding affinity between E. coli and the cell robots. We further quantified the specific 

binding of JPL-motors with E. coli along with the binding to PLs serving as control. Both JPL-

motors and PLs (labeled with DiD) were incubated with E. coli (labeled with DAPI) for 30 min at 

the ratio of 1:5. The binding percentage was estimated by manually counting 10 representative 

images taken from each sample. Only a slight difference in the binding level is observed for both 

JPL-motors and PLs, indicating that the Janus modification has a negligible influence on the 

binding affinity of platelets to bacteria. The demonstrated binding ability of the JPL-motors to 

cancer cells and bacteria relies on the numerous protein receptors on the surface of platelets. For 

example, bacteria can bind with the platelet Toll-like receptors, leading to the activation and 

aggregation of platelets.49, 58 Platelet receptors, such as αIIbβ3, P-selectin, and α6β1, are 

responsible for the PL binding with cancer cells.47 These biological receptor-ligand interactions 

enable the recognition and binding of platelets to the target cells. Because platelets express many 

unique functional receptors on its membrane that other cells, such as RBCs, do not express, our 
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JPL-motors are expected to target a wide range of biological threats that have binding affinity with 

platelets. 

Ciprofloxacin (Cip), an antibiotic used to treat a wide variety of Gram-negative bacterial 

infections60, was used for antibacterial evaluation. The drug loading capacity was first analyzed. 

The loading amount of JPL-motors increased with the Cip input, reaching the maximum loading 

at 12.5 μg/ml input concentration of Cip, corresponding to a loading efficiency of ~27% (Fig. 

3.9d). Increasing the Cip input to 25 μg/ml resulted in a smaller loading efficiency. It was also 

observed that Cip-loaded JPL-motors exhibited propulsion comparable with their unloaded 

counterparts. Subsequently, Cip release was measured over 24 hours at two pH values (Fig. 3.9e). 

Similar to the DOX formulation, JPL-motors and PLs exhibit a negligible difference in the 

amounts of released Cip at each pH value. Moreover, at pH 5.0, both JPL-motors and PLs 

displayed a nearly twofold higher Cip release compared with pH 7.4. The binding efficiency of 

JPL-motors or PLs to E. coli was also explored. DiD-labeled JPL-motors or unmodified PLs were 

cultured with E. coli at 100 mM urea for different incubation times, followed by centrifugation at 

an optimized centrifugation speed of 600 rcf/min and washing steps to separate the resulting 

aggregates and remove the free JPL-motors or unmodified PLs. The increase of DiD fluorescence 

intensity in the aggregates was measured and calculated in the same way as above. JPL-motors 

induced a rapid fluorescence increase in comparison with non-JPLs (Fig 3.9f). The maximum 

difference in signal was achieved at 5 min, which was chosen as the incubation time for the 

following antimicrobial efficacy evaluation. This difference is attributed to the active motion of 

JPL-motors, leading to rapid adhesion to E. coli. To test the antibacterial effectiveness, an E. coli 

suspension [2 × 105 colony-forming units (CFU) per milliliter] was incubated with free Cip (Cip 

in Fig. 3.9g), unmodified PLs loaded with Cip (PL-Cip in Fig. 4G), and JPL-motors loaded with 
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Cip (JPL-motor–Cip in Fig. 3.9g) at the same drug concentration (10 μg/ml) with different urea 

concentrations for 5 min. The bacteria were then collected through centrifugation and transferred 

to fresh LB broth for a subsequent 24-hour incubation. The negative controls were also performed 

by mixing E. coli with PBS or urea only (control in Fig. 3.9g) or JPL-motors without Cip (JPL-

motor in Fig. 4G), revealing a negligible effect on bacteria colonization. Only JPL-motors display 

a urea concentration–dependent bacteria inhibitory effect with the lowest optical density (0.4) at 

600 nm (OD600) with 100 mM urea, which is around 3.6- and 2.1-fold lower than that of Cip and 

PL-Cip, respectively. The significant antibacterial effect of JPL-motors reflects their self-

propulsion in the presence of urea, which accelerates adhesion to bacteria and induces higher local 

Cip concentrations. Overall, these results indicate that the effective propulsion and the specific 

binding of our cell robots to bacteria significantly improve their antibacterial efficacy compared 

with passive systems. 
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Figure 3.9 Enhanced binding and antibacterial activity of antibiotic-loaded JPL-motors. a, 

Schematic of JPL-motor–Cip for bacterium-targeted delivery. E. coli was selected as a model 

bacterium. b, Pseudocolored SEM image of the binding between the JPL-motor (green) and E. coli 

(red). c, Bright-field (i) and fluorescent (ii to iv) images of the binding between E. coli and JPL-

motors, labeled with DAPI (ii, blue) and Cy5 (iii, red), respectively. The merged image of two 

channels is shown in (iv). d, Loading efficiency of JPL-motors and unmodified platelets (PLs) at 

various Cip initial inputs (n = 3; mean ± SD). *P < 0.05 and ***P < 0.001, t test. e, Cumulative 

released percentage of Cip from Cip-loaded JPL-motors and unmodified platelets (PLs) at pH 5.0 

or 7.4 over 24 hours (n = 3; mean ± SD). f, Comparison of fluorescence intensity of E. coli after 

incubation with DiD-labeled JPL-motors or unmodified platelets (PLs over different periods of 

time at 100 mM urea) (n = 3; mean ± SD). g, OD600 of E. coli after culture with control solutions 

(only PBS or urea), JPL-motors, free Cip, PL-Cip, and JPL-motor–Cip at the same Cip 

concentration of 10 μg/ml at various urea concentrations (0, 50, and 100 mM) for 5 min and 

separated for another 24 hours of incubation (n = 3; mean ± SD). *P < 0.05 and ***P < 0.001, t 

test. 

 

 

3.2.5 Discussion 

Several challenges facing existing cell robot systems may hinder their practical use for 

biomedical applications. The first concern for biohybrids is biocompatibility. For example, live 

bacterium–driven microswimmers may induce an immune response.33 The second issue is the 
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potential toxicity of the propulsion fuel, for instance, the use of H2O2 during the manipulation of 

breast cancer cells.32 Thus, there is demand for alternative biocompatible platforms and fuels to 

expand the biomedical prospects of micromotors. Another challenge in the application of 

biohybrid micromotors in biological environments is the limited motor life span. Despite good 

biocompatibility and biodegradability of Mg-based biohybrid micromotors, they still suffer from 

a short lifetime (~2 min), which compromises their application in certain environments.12, 22, 61 On 

the other hand, although fuel-free propulsion mechanisms, based on the use of external acoustic or 

magnetic fields, have shown impressive performance in actuating and controlling micromotors for 

in vivo tests, these systems require relatively complex actuation systems and have limited tissue 

penetration. To overcome these limitations, we have demonstrated a platelet cell robot powered 

by urease with autonomous and long-lasting propulsion in the presence of urea, triggered by the 

corresponding enzymatic fuel decomposition that obviates the need for motor actuation. The 

integration of the endogenous enzyme with platelet cells yields a fully biocompatible cell robot 

system. The biofunctionality of platelet cells combined with an efficient motor results in an 

attractive platform with unique synergistic capabilities that can be useful for a broad range of 

biomedical applications. Moreover, the urea fuel is a common biological substrate readily 

available in the body, especially in the urinary system, making these types of microenvironments 

an attractive choice for initial clinical investigation. The methodology developed here leads to a 

facile and robust route to asymmetrically modify cell surfaces with urease. The Janus structure is 

highly preferable for achieving asymmetric driving force and active motion compared with 

complete enzymatic coverage of the entire cell membrane. The current Janus cell modification was 

realized by attaching platelets onto a PLL-modified substrate to block the attached platelet surface 

and modifying the exposed cell membrane with urease via a biotin-streptavidin-biotin binding 
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interaction. The asymmetric distribution of urease on JPL-motors, demonstrated by fluorescent 

imaging using Cy5-labeled urease, results in an asymmetric propulsion force and leads to greatly 

enhanced movement in the presence of urea compared with non-JPLs. The ability to overcome 

Brownian motion and achieve effective propulsion enables the integration of asymmetrically 

engineered platelets into the microrobotic community to expand the design, functionality, and 

versatility of microrobots on the basis of the Janus modification and intrinsic properties of 

platelets.14 The cell surface engineering route has a negligible effect on the functional proteins of 

platelet membrane, endowing JPL-motors with the unique capabilities of drug loading and specific 

binding to biological threats. The effective propulsion of JPL-motors in the presence of urea 

significantly enhances their binding efficiency to cancer cells and bacteria, and this, in turn, 

improves the in vitro therapeutic efficacy compared with passive unmodified PLs. These 

improvements can lead to decreased drug dosages, which can ultimately reduce unwanted side 

effects. Cell surface engineering transforms cells into active micromotors and can be readily 

generalized to other types of cells (e.g., RBCs and T cells) or enzymes (e.g., catalase and glucose 

oxidase) to open up a wide range of new biomedical opportunities. 

The findings from this work illustrate a concept of using enzyme asymmetrically modified 

natural cells as live cellular robots for active and targeted delivery. The platform combines the 

merits of biocompatibility and functions of natural cells with active propulsion ability empowered 

by biological enzymes. In terms of potential medical applications, these cell robots can be readily 

expanded to carry other types of therapeutic or diagnostic payloads or to achieve a mission other 

than active delivery such as biodetoxification. The production and regulation of urea are crucial 

for various metabolic processes in the human body. The normal urea concentration in human blood 

ranges from 2.5 to 6.5 mM. In other biofluids, such as urine, the level of urea is significantly 
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higher. Despite the large urea fluctuations in urine (ranging from 102 to 835 mM), this biofluid is 

particularly suitable for the propulsion of JPL-motors. The bioavailable propulsion fuel of the JPL-

motors makes the platform amenable to future biomedical applications such as treatment of urinary 

tract infection or bladder cancer. Although the ammonia product of the biocatalytic decomposition 

of urea may contribute to a higher local pH and potential cytotoxic effect, such effects were 

reported to be controllable by adjusting the input of urease-powered micromotors for in vitro 

bladder cancer therapy.42 This study demonstrated the safe in vivo application of urease-powered 

micromotors for bladder cancer treatment using an optimized motor concentration displaying low 

toxicity. Future in vivo studies and applications will require precise control to manipulate the cell 

robots to perform complex tasks in dynamic environments. Coupled with new functionalization 

and propulsion strategies, real-time tracking and imaging of the cell robots inside the body remain 

challenges that need to be addressed in parallel to the development of cell robots. In addition, 

directional movement of living cells induced by chemotaxis is critical for practical applications in 

biological systems.62 Investigating the effect of concentration gradients of substrates on the 

propulsion of Janus cell robots holds considerable potential for designing multifunctional 

platforms with autonomous movement in response to complex environments. Overall, the Janus 

modification of cell surfaces offers an inspiring and versatile avenue for transforming passive cells 

into active cell robots. Such a strategy paves the way for efficient biocompatible cell robot 

platforms that meet the rigorous requirements of clinical biomedical applications. 
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3.2.6 Experimental section 

Preparation of urease-biotin-Cy5. Urease (Sigma-Aldrich) was first dissolved in PBS (1×; pH 7.4) 

at 1 mg/ml. Sulfo-NHS-biotin (200 μl; 16.6 μM; ProteoChem) was then mixed with urease solution 

(200 μl, 1 mg/ml) and reacted for 30 min with gentle shake at room temperature. Subsequently, 4 

μl of sulfo-Cy5 NHS ester (sulfo-NHS-Cy5; 1 mM; Lumiprobe) was added for another 30-min 

incubation. Last, the modified urease was purified four times with PBS through a 100-kDa filter 

(Millipore) with centrifugation at 1500 rcf for 3 min. The resulting urease-biotin-Cy5 was 

dispersed in 400 μl of PBS and stored at 4°C until use. 

Fabrication of JPL-motors. Human platelets were purified from platelet-rich plasma (San Diego 

Blood Bank). JPL-motors were prepared in commercial 12-well plates modified with PLL 

(Corning). Platelets (109 cells) suspended in 400 μl of PBS were added to a 12-well plate and spun 

down to the PLL surface with a 3-min centrifugation at 900 rcf. After 1 hour of incubation at room 

temperature, the supernatant was removed and the plate was washed three times with PBS to 

remove all the unattached platelets. Afterward, the attached platelets were reacted with sulfo-NHS-

biotin (166 μM), streptavidin (ProSpec; 166 μM), and urease-biotin-Cy5 (described above) for 1 

hour, respectively. Three washes with PBS were needed for the removal of free agents between 

each reaction. Last, the resulting JPL-motors were disassociated from the PLL surface by pipetting 

gently and repeatedly, followed by two PBS washes. The micromotors were suspended in PBS 

and stored at 4°C until use. 

Fabrication of non-JPLs. The reactions were performed in 1.7-ml Eppendorf tubes (Corning). 

Platelets were modified with the same chemicals at the same ratios as the fabrication of JPL-

motors. The resulting non-JPLs were dispersed in PBS and stored at 4°C until use. 
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Characterization of JPL-motors. The Janus coating of urease onto the platelet surface was 

characterized by the fluorescent imaging of Cy5. All the bright-field, fluorescence, and merged 

images were captured using an EVOS FL microscope with a 40× objective. Flow cytometry 

analyses were also applied to evaluate the successful modification and binding efficiency of Cy5-

labeled urease using a Becton Dickinson FACSCanto II flow cytometer. PLs, platelet modification 

without using biotinylated urease or streptavidin, were used as control experiments. P-selectin was 

selected to characterize the platelet activation. Resting platelets, PLs, and JPL-motors at a density 

of 106/ml were all incubated with 5 μl of phycoerythrin-labeled P-selectin (BioLegend) for 30 min, 

after which they were washed with PBS three times before flow cytometry analysis. 

To compare the protein profile of the platelets before and after modification, both JPL-motors and 

PLs were centrifuged and resuspended in 1× PBS three times. Then, a BCA assay (Thermo Fisher 

Scientific) was used to quantify the membrane proteins on the JPL-motors as per the 

manufacturer’s instructions. Gel electrophoresis followed by protein staining with Coomassie blue 

was also performed. PLs and JPL-motors containing equivalent total proteins were prepared in 

lithium dodecyl sulfate sample loading buffer (Invitrogen). The samples were then separated on a 

4 to 12% bis-tris 17-well Mini Gel in Mops running buffer using a Novex XCell SureLock 

electrophoresis system (Life Technologies). Last, the protein columns were stained with 

Coomassie blue according to the manufacturer’s protocol. 

Propulsion study. All the experiments were performed in PBS solution by mixing JPL-motors with 

urea solution at the desired concentrations. A cover slide was applied to avoid the drifting effect. 

The propulsion videos were captured using an inverted optical microscope (Eclipse Ti-S/L100, 

Nikon Instruments Inc.) with a 40× microscope objective. The propulsion analysis was performed 
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with NIS-Elements AR 3.2 software. The simulated urine was prepared according to the protocol 

described in a previous report.63 Briefly, 0.073 g of NaCl, 0.040 g of KCl, 0.028 g of CaCl2·2H2O, 

0.056 g of Na2SO4, 0.035 g of KH2PO4, 0.025 g of NH4Cl, and 0.15 g of urea were added to 25 

ml of deionized water to obtain the simulated urine with 100 mM urea for investigating the 

propulsion behavior of JPL-motors in this medium. 

Binding of JPL-motors with bacteria and cancer cells. SEM images of JPL-motors binding with 

E. coli and MDA-MB-231 breast cancer cells were performed on an Apreo high-resolution 

instrument (FEI, Hillsboro, OR, USA) with an accelerating voltage of 10 kV. Binding was further 

confirmed by fluorescent imaging. The breast cancer cell, MDA-MB-231, was labeled with 

Hoechst 33342 (Invitrogen), and the E. coli (DH5α) was labeled with DAPI (Sigma-Aldrich). All 

the bright-field, fluorescence, and merged images were captured using an EVOS FL microscope 

coupled with a 20× objective. 

To explore the effect of urease modification on platelets’ adhesion to cancer cells, PLs and RBCs 

were used as positive and negative controls, respectively. The JPL-motors, PLs, and RBCs at the 

cell concentration of 108 cells/ml were all labeled with DiD dye (1 μg/ml) for 30 min at room 

temperature. Then, the resulting suspension was centrifuged (1500 rcf, 3 min) to remove the free 

dyes by washing three times with PBS. The binding assay was conducted by incubating the DiD-

labeled JPL-motors, PLs, and RBCs with MDA-MB-231 cells at the ratio of 10:1 for 30 min at the 

room temperature, followed by flow cytometry analysis to quantify the binding efficiency to 

MDA-MB-231. 

To quantify the specific binding of JPL-motors and PLs to E. coli, both JPL-motors and PLs (1012 

cells/ml) were first labeled with DiD (1 μg/ml) for 30 min at room temperature, followed by 
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washing three times and centrifugation (1500 rcf, 3 min). E. coli (3 × 109 cells/ml) was labeled 

with DAPI (1 μg/ml) for 30 min at room temperature. The free dye was then removed through 

three washing steps with centrifugation at 5900 rcf for 5 min. The DiD-labeled JPL-motors and 

PLs were incubated with E. coli at the ratio of 1:5 for 30 min at room temperature, followed by 

microscopy imaging. The percentage of JPL-motors or PLs that bind to E. coli was quantified by 

manually counting 10 representative images taken for each sample. 

The binding efficiency of JPL-motors and PLs with E. coli and MDA-MB-231 cells in the presence 

of urea was also evaluated. JPL-motors and PLs (1012 cells/ml) were first labeled with DiD (1 

μg/ml), followed by washing steps to remove free dyes. DiD-labeled JPL-motors and PLs (1012 

cells/ml) were then mixed with bacteria (3 × 109 cells/ml) at the ratio of 1:15 and cancer cells (105 

cells/ml) at the ratio of 1:5 for different periods in the presence of 100 mM urea. The resulting 

aggregates of platelets and E. coli were separated by centrifugation at 600 rcf for 3 min and washed 

with PBS two times. The aggregates of platelets and MDA-MB-231 cells were collected with a 3-

min centrifugation at 100 rcf, followed by two PBS washes. The aggregates were suspended in 

PBS and transferred to a 96-well plate. The binding efficiency was determined by the fluorescent 

intensity of DiD, measured with a BioTek Synergy Mx microplate reader. 

DOX or Cip loading and release from JPL-motors. A total of 200 μl of DOX (Sigma-Aldrich) or 

Cip (Sigma-Aldrich), with different initial drug input concentrations (DOX input: 3.125, 6.25, 

12.5, 25, and 50 μM; Cip input: 1.563, 3.125, 6.25, 12.5, and 25 μg/ml), was incubated with JPL-

motors or PLs (108 cells) at 37°C for 1 hour, followed by removal of the free drug by two washes 

at 2300 rcf for 3 min. Then, drug-loaded JPL-motors were suspended in 200 μl of PBS for further 

use. The concentration of DOX (Ex/Em = 488/594 nm) and Cip (Ex/Em = 280/425 nm) were 
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quantified by their fluorescent intensities measured by a BioTek Synergy Mx microplate reader. 

The loading efficiency was determined as the amount of the loaded drug divided by the drug input. 

The drug release was performed with 200 μl of fresh JPL-motor loaded with DOX or Cip at pH 

5.0 or 7.4. 

In vitro anticancer activity of DOX-loaded JPL-motors. The MDA-MB-231 cells (106 cells) were 

first incubated with PBS or urea only (negative controls), free DOX, PL-DOX, and JPL-motor–

DOX at the same DOX concentration of 10 μM with different urea concentrations (0, 50, and 100 

mM) for 10 min in 1.7-ml Eppendorf tubes. Then, the cancer cells were isolated by centrifugation 

at 100 rcf for 3 min and washed two times with PBS. The collected cells were further incubated 

with fresh DMEM in a 96-well plate at 37°C for 24 hours. After that, an MTS (Promega) [3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] assay was 

conducted to evaluate cell viability based on the manufacturer’s protocol. The absorbance at 490 

nm was read using a BioTek Synergy Mx microplate reader. 

In vitro antibacterial activity of Cip-loaded JPL-motors. Typically, E. coli (2 × 106 CFU/ml) was 

mixed with PBS or urea only (negative controls), free Cip, PL-Cip, and JPL-motor–Cip at the same 

Cip concentration of 10 μg/ml with different urea concentrations (0, 50, and 100 mM) for 5 min. 

Then, the bacteria were collected by centrifugation at 600 rcf for 3 min and washed two times with 

PBS. The bacteria were then transferred to 1 ml of LB broth (Luria-Bertani, BD Difco) and 

cultured for 24 hours at 37°C. Last, the bacterial colonies were counted by measuring their 

absorbance at 600 nm (OD600). 
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Chapter 3.2, in full, is a reprint of the material as it appears in Science Robotics, 2020, by 

Songsong Tang, Fangyu Zhang, Hua Gong, Fanan. Wei, Jia. Zhuang, Emil Karshalev, Berta 

Esteban-Fernández de Ávila, Chuying Huang, Zhidong Zhou, Zhengxing Li, Lu Yin, Haifeng 

Dong, Ronnie H. Fang, Xueji Zhang, Liangfang Zhang, Joseph Wang. The dissertation author was 

the primary investigator and author of this paper. 
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3.3 Ultrasould-triggered RBC membrane-coated nanorobots for intracellular oxygen 

transport 

3.3.1 Introduction 

Gas molecules have essential physiological and pathological roles, impacting various 

signaling and metabolic pathways. Simple gas molecules such as nitric oxide,1,2 carbon 

monoxide,3,4 hydrogen sulfide,5 and hydrogen6 have been studied extensively. The transport of gas 

molecules in appropriate amounts to corresponding tissue sites is critical for positive health 

outcomes, ranging from heart protection7 and neuronal repair8 to regulation of blood pressure9 and 

inflammation.10 Among a variety of gas molecules being routinely transported during metabolism, 

oxygen is the most essential for life maintenance. Hypoxia, the decrease in oxygen levels below 

normal physiological levels, has been shown to play a critical role in the progression of different 

diseases.11 The majority of cellular activities require energy in the form of oxygen, and prolonged 

and severe hypoxia results in cell death.12 It is thus crucial to maintain sufficient oxygen 

availability to cells and tissues.13 When oxygen levels are critically low, the infusion of donated 

red blood cells (RBCs) is a life-saving measure for patients with significant blood loss. However, 

due to significant strain on available resources and infrastructure,14 tremendous efforts have been 

devoted to the development of viable alternatives to human RBCs for oxygen delivery.15,16 Toward 

this goal, materials with high oxygen solubility have been used as nano/microcarriers for effective 

blood circulation and deep tissue penetration.17,18 In particular, perfluorocarbon (PFC)-based 

oxygen nanocarriers offer many intrinsic benefits, such as high loading capacity, facile release 

profile, and relative small size.19−21 RBC membrane-coated PFC nanoemulsions (RBC-PFC) have 

recently been reported as a viable candidate for blood substitutes.22 The formulated biomimetic 
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RBC-PFC could be stored at room temperature for several months and demonstrated high capacity 

for oxygen delivery. Notably, the RBC-PFC formulation was able to attenuate the effects of 

hypoxia in vitro and could fully resuscitate mice in a model of hemorrhagic shock. The biomimetic 

surface coating of the natural RBC membrane also helped to improve biocompatibility and 

minimize immunogenicity. Nevertheless, by solely relying on passive circulation and diffusion, 

the current delivery platforms are not able to actively and effectively localize oxygen to ischemic 

tissues and hypoxic cells, resulting in suboptimal delivery efficiency. 

Over the past decade, researchers have reported on active delivery methods using 

nano/micromotors, which consist of synthetic nano/microscale structures of different shapes and 

materials that can convert different energy inputs into mechanical motion.23−25 The 

nano/micromotor field has been growing rapidly and has started to demonstrate great promise for 

medical applications such as active delivery of therapeutic payloads, fast sensing of important 

disease markers, accelerated detoxification of human fluids, and cargo-transport toward and into 

cells.26−32 Specifically, acoustically propelled nanomotors have demonstrated major advantages for 

active intracellular delivery and actuation.33,34 These nanomotors are based on gold nanowires 

(AuNWs), which can display rapid propulsion under an ultrasound (US) field.32,35,36 The gold 

surface allows facile modification and functionalization of the nanomotors with therapeutic 

payloads or specific receptors. Then, the acoustic propulsion enables the concentration of 

nanomotors around target cells, their rapid penetration through cellular membranes, continuous 

motor motion within the intracellular space, and finally the active delivery of the payloads. Such 

acoustic propulsion and fast cell internalization have proven useful for accelerating a variety of 

intracellular processes. For example, US-powered nanomotors have been utilized for rapid 

intracellular delivery of therapeutic proteins,37,38 fast miRNA sensing inside cancer cells,39 and 
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enhanced siRNA delivery accelerating gene silencing.40 The capabilities demonstrated by US-

propelled nanomotors for active intracellular delivery and actuation shed light on a wide range of 

potential biomedical applications. Nonetheless, most of the payloads delivered by acoustic 

nanomotors have been large biomolecules, with no attention given to gas delivery. Thus, we 

anticipated that combining the mobile nanomotor with an oxygen delivery nanocarrier would lead 

to the active intracellular delivery of small gas molecules by nanomotor technology. 

In this work we describe a nanomotor-based gas delivery strategy for active intracellular 

oxygen delivery. Our approach took advantage of the combination of the rapid acoustic propulsion 

of AuNW nanomotors with the high oxygen loading capacity of RBC-PFC, enabling oxygen 

delivery to the intracellular space of J774 macrophage cells and helping maintain their viability 

when cultured under hypoxic conditions. Briefly, positively charged poly-l-lysine (PLL)-modified 

AuNWs were functionalized with negatively charged RBC-PFC via electrostatic interactions; 

then, the resulting RBC-PFC-loaded nanomotors (denoted as Motor-PFC) were propelled under a 

US field and actively incorporated into J774 macrophages. Upon entering the cells, the oxygen 

loaded in the Motor-PFC was sustainably released intracellularly under hypoxic culture conditions, 

helping to maintain the cell viability against hypoxia. As indicated above, while different platforms 

have been designed for oxygen delivery, the present active acoustic nanomotor strategy offers 

significant advantages in terms of cellular penetration and intracellular delivery toward 

maintaining sufficient oxygen availability to cells. This approach combines the active acoustic 

motor delivery with the high oxygen-carrying capacity of synthetic PFC and the biocompatibility 

of the natural cell membrane. These advantages make the Motor-PFC platform an attractive 

candidate for biomedical applications. While the present proof-of-concept study demonstrates 

active intracellular oxygen delivery to macrophages, a variety of other versatile gas-loaded 
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nanocarriers could be combined with acoustic nanomotors for intracellular delivery of different 

therapeutic gases. 

 

3.3.2 Fabrication and characterization of Motor-PFC 

Figure 3.10a schematically illustrates the stepwise surface modification of a AuNW 

nanomotor for the loading of the RBC-PFC oxygen carrier. Initially, the AuNW was functionalized 

with a self-assembled monolayer of 3-mercaptopropionic acid (MPA), introducing negatively 

charged carboxyl moieties to the nanomotor surface. A positively charged poly-l-lysine layer was 

then incorporated onto the AuNW/MPA surface via electrostatic interactions. Finally, the RBC-

PFC, fabricated according to an early work,22 were immobilized onto the AuNW/MPA/PLL 

surface by further electrostatic interactions with the outer PLL layer, leveraging the attraction 

between the negatively charged RBC membrane surface and the positively charged PLL 

nanomotor surface. As shown in Figure 3.10b, the resulting Motor-PFC could be effectively 

propelled under an acoustic field and actively incorporated into J774 macrophage cells upon a 5 

min US treatment. The efficient nanomotor movement under the US field enables effective cell 

membrane penetration.38 Upon internalization, the Motor-PFC released the dissolved oxygen 

under hypoxic culture conditions. The efficiency of the active nanomotor-assisted oxygen delivery 

could be visualized directly by using fluorescent microscopy. Image-iT Green hypoxia reagent-

labeled cells remained nonfluorescent following a 72 h incubation, confirming the oxygen release 

and prolonged maintenance of the cell viability (Figure 1c, left). In contrast, without the Motor-

PFC treatment, the cell displayed a bright fluorescent color, reflecting the significant amount of 

accumulated hypoxic stress (Figure 3.10c, right). 



183 

 

 

Figure 3.10 Motor-PFC for intracellular oxygen delivery system. a, Loading of RBC-PFC onto a 

AuNW nanomotor surface (Motor-PFC) along with a schematic dissection of the preparation 

processes: AuNW is first modifed with 3-mercaptopropionic acid (MPA), followed by coating 

with a poly-l-lysine (PLL) layer. Preformed RBC-PFC nanoemulsions are then attached onto the 

outer surface of the motors to prepare Motor-PFC. b, Acoustically assisted intracellular oxygen 

delivery to J774 macrophages by Motor-PFC, which help cells preserve appropriate oxygen level 

and maintain viability in hypoxic conditions. c, Intracellular hypoxic stress was indicated by green 

fluorescence marker, whereas the cells treated by Motor-PFC maintain low hypoxic stress. Scale 

bars: 100 μm. 

 

 

 

The RBC-PFC nanoemulsion formulation is based on the one described earlier with small 

modifications.22 The resulting RBC-PFC nanoemulsions have a diameter of ∼170 nm. To gain 

further insights into the morphology and integrity of the RBC-PFC nanoemulsion, we performed 

confocal fluorescence imaging of dual-labeled RBC-PFC nanoemulsions (Figure 3.11a). Scanning 

electron microscopy (SEM) was carried out to characterize the structural morphology of the 

Motor-PFC. The SEM imaging (Figure 3.11b, left) showed that RBC-PFC was bound onto the 

structure of a AuNW that was 2 μm in length and 400 nm in diameter. Energy-dispersive X-ray 

(EDX) spectroscopy mapping analysis was also conducted (Figure 3.11b), confirming the presence 
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of gold (Au), sulfur (S), phosphorus (P), and fluorine (F), corresponding to the nanomotor core, 

MPA coating, RBC membrane, and PFC, respectively. To further characterize the efficient RBC-

PFC immobilization onto the surface of the AuNW nanomotors, the RBC membrane was labeled 

with the fluorescent dye 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine (DiD) before 

immobilization onto the AuNW/MPA/PLL nanomotors. Figure 3.11c shows bright-field, 

fluorescent (Cy5 channel), and merged images of a group of Motor-PFC (from left to right, 

respectively). The microscopy images demonstrated the successful immobilization of the DiD-

labeled RBC-PFC onto the surface of the AuNW nanomotors. The stepwise surface modification 

of the AuNW nanomotors was further confirmed by measuring the corresponding zeta potentials 

(Figure 3.11d). The introduction of the MPA carboxyl layer was confirmed by the change to a 

more negative zeta potential value (from −10.4 mV to −25.7 mV). The following modifications 

with the positively charged PLL and negatively charged RBC-PFC layers were also confirmed by 

the corresponding zeta potential values (18.1 and −30.1 mV, respectively). The zeta potential value 

obtained from the resulting Motor-PFC was nearly identical to that observed for RBC-PFC alone, 

used as a positive control. These results were in agreement with a previous study on RBC 

membrane-coated PFC cores.22 The loading capability of RBC-PFC on AuNWs was evaluated 

using different amounts of nanomotors (Figure 3.11e). Samples containing different amounts of 

nanomotors were incubated with 1 mg/mL of RBC-PFC solution for 1 h, and then the protein 

content from the RBC membrane was calculated. The results demonstrated a gradual protein 

increase that correlated with the number of nanomotors, from 0.67 μg to 6.5 μg of protein for 

AuNW nanomotors at concentrations of 6.5 × 104/mL and 5.2 × 105/mL of, respectively. 
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Figure 3.11 Structural characterization of Motor-PFC. a, Confocal fluorescence imaging of dual-

labeled RBC-PFC; the RBC membrane was labeled with DiD (red), and the PFC core was labeled 

with BODIPY (green). Scale bar: 500 nm. b, Scanning electron microscopy (SEM) image of a 

Motor-PFC and corresponding energy-dispersive X-ray spectroscopy (EDX) analysis showing the 

distribution of Au (yellow), S (green), P (purple), and F (orange). Scale bar: 1 μm. c, Bright-field, 

fluorescent, and merged images of a group of Motor-PFC; the RBC membrane was labeled with 

DiD to help visualization (red). Scale bar: 10 μm. d, Zeta potential of sequential modification of 

Motor-PFC (from left to right): bare AuNW, MPA-modified AuNW, PLL-modified AuNW, RBC-

PFC-bound AuNW, and free RBC-PFC (n = 3, mean ± SD). e, Total RBC content on different 

numbers of Motor-PFC, measured by lipoprotein content from the RBC membrane (n = 3, mean 

± SD). 
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3.3.3 Propulsion of Motor-PFC 

Next, we characterized the propulsion of Motor-PFC in water under an acoustic field. The 

propulsion performance of the Motor-PFC was compared to that of the unmodified AuNWs 

(without RBC-PFC) at different ultrasound voltages. The histogram shown in Figure 3.12a 

displays the increase of the average Motor-PFC speed from 28.5 μm/s at 2 V, to 49.8 μm/s at 4 V, 

to 73.5 μm/s at 6 V. The bare nanomotors displayed overall higher average speeds (53.0, 77.8, and 

107.8 μm/s at 2, 4, and 6 V, respectively). The slight speed decrease observed with the Motor-PFC 

was attributed to the acoustic streaming change around the nanomotor after binding with the RBC-

PFC. In low Reynolds number fluid under an ultrasound field, the motion of the nanomotor is 

dominated by the Stokes law. (35) The acoustic driving force is equal to the Stokes drag force, 

which can be calculated from the following equation: 

𝐹𝑑𝑟𝑖𝑣𝑖𝑛𝑔 = 𝐹𝑠𝑡𝑜𝑘𝑒𝑠 =
2𝜋𝜂𝐿𝑈

ln(
𝐿

𝑎
)−0.5

   (1) 

where η is the viscosity coefficient, L and a are the length and radius of the Motor-PFC, 

respectively, and U is the velocity of the motor under ultrasound (6 V, 2.66 Hz). When RBC-PFC 

attached to the AuNW, the radius of the Motor-PFC increased to about 350 nm compared to 200 

nm of the bare motor. Therefore, as expected from eq 1, the speed of the Motor-PFC decreased 

compared to the bare motor under the same acoustic pressure. 

Despite the small effect that the loaded RBC-PFC has on the nanomotor propulsion, the 

movement of the Motor-PFC provided sufficient thrust for effective penetration through the cell 

membrane for further internalization and delivery of oxygen molecules, as it will be illustrated 

below. Figure 3.12b shows representative tracking trajectories of individual Motor-PFC at the 
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different studied voltages within a 1 s interval in water. In accordance with earlier observations, 

the distance and speed increased dramatically with applied voltage (more than doubling between 

2 and 6 V). 

The binding stability of the RBC-PFC on the AuNWs after acoustic propulsion was then 

evaluated (Figure 3c). For this study, DiD-labeled RBC (red) and BODIPY-labeled PFC (green), 

prepared as in a previous study,22 were used for nanomotor modification. Microscopic optical and 

fluorescent images of Motor-PFC before and after applying the acoustic field (top and bottom 

rows, respectively) were taken. The merged fluorescence images displayed in the top row 

demonstrate the binding of RBC-PFC onto the AuNW nanomotors (Figure 3.12c top, in orange). 

The Motor-PFC was then allowed to propel in water for 5 min under an acoustic field (6 V and 

2.66 Hz). The fluorescent and overlay images (Figure 3.12c bottom) demonstrate that the RBC-

PFC remained stable on the nanomotor surface following acoustic propulsion, verifying the good 

stability of the system, as desired for its application for intracellular oxygen delivery. 
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Figure 3.12 Motion behavior characterization of Motor-PFC. a, Comparison of the speed of bare 

motors and Motor-PFC at different US voltages (2, 4, and 6 V; 2.66 MHz) in water (n = 3, mean 

± SD). *p < 0.05, **p < 0.01, ***p < 0.001; t test. b, Tracking trajectories of Motor-PFC at 

different voltages within a 1 s interval in water. Scale bar: 10 μm. c, Verification of the Motor-

PFC integrity before (top) and after (bottom) 5 min US propulsion (6 V, 2.66 MHz). The AuNW 

motor was visualized under bright-field (BF); the RBC membrane was labeled with DiD (red), and 

the PFC was labeled with BODIPY (green) for fluorescent imaging. Scale bar: 20 μm. 

 

 

 

3.3.4 Oxygen delivery kinetics using US-driven Motor-PFC 

We further examined the oxygen delivery capacity and kinetics of the Motor-PFC by 

following our previously reported protocol.22 Specifically, a volume of water was first 

deoxygenated by nitrogen purging, and various samples were injected into the closed system. The 
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corresponding dissolved oxygen (DO) levels were monitored over time (Figure 3.13a). We first 

evaluated the oxygen release profiles in the absence of a US field. Owing to the high oxygen 

loading capacity of PFC, Motor-PFC presented similar DO kinetics compared with RBC-PFC (1.7 

mg/L) when normalized to the same RBC-PFC content (Figure 3.13a, empty red circles versus 

empty blue triangles). On the basis of this oxygen saturated value, we calculated the total loading 

capacity of our Motor-PFC to be 0.4 pg/motor. In contrast, bare motors displayed a basal level of 

oxygen release, which was similar to the regular water control (0.7 mg/L), due to the lack of any 

oxygen loading (Figure 3.13a, empty purple diamonds). Subsequently, we examined whether the 

DO kinetics of Motor-PFC could be expedited by applying a US field. Interestingly, the Motor-

PFC demonstrated a faster oxygen release pattern under US, reflecting the impact of nanomotor 

motion in promoting fast mass exchange with the surrounding environment (Figure 3.13a, red 

circles). Not surprisingly, in the absence of nanomotor propulsion, free RBC-PFC (not bound to 

AuNWs) exposed to the US field did not display accelerated DO kinetics (Figure 3.13a, full blue 

triangles). On the other hand, despite the fast propulsion of bare AuNWs under the US field, 

minimal oxygen release was observed under these conditions due to the absence of the RBC-PFC 

oxygen reservoir (Figure 3.13a, purple diamonds). We also quantified the time required to reach 

kinetic equilibrium in each condition (Figure 3.13b). Here, we define equilibrium as the state when 

the level of dissolved oxygen reaches a plateau with no further increase. Similarly, we define the 

time to equilibrium as the time taken to reach such a plateau. The US-propelled Motor-PFC 

reached the kinetic equilibrium within 40 s, while more than 80 s was needed under static 

conditions. Moreover, we compared the DO levels of each sample in the first 40 s, which clearly 

demonstrated that Motor-PFC under US showed the highest DO level and the most favorable 

release profile at each examined time point (Figure 3.13c). 
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Furthermore, we found that the oxygen delivery profiles could be finely manipulated by 

adjusting the US voltage, as shown in Figure 3.13d. Specifically, by increasing the applied US 

voltage, the oxygen could be released into the environment in a faster manner. With the Motor-

PFC, it only took 40 s for oxygen levels to reach equilibrium using a 6 V US field, compared to 

56 and 72 s for under 4 and 2 V fields, respectively (Figure 3.13e). In terms of DO levels, Motor-

PFC under 6 V US outperformed the nanomotor under lower voltages at each time point (Figure 

3.13f). Overall, these results highlight the essential roles of the RBC-PFC and the US propulsion 

in the hybrid nanomotor system, with the RBC-PFC offering high oxygen loading, while the 

AuNW nanomotors accelerated the oxygen transport and release. Furthermore, these data also 

demonstrate that the oxygen release rate can be controlled by tuning the US voltage. 
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Figure 3.13 Oxygen delivery kinetics of Motor-PFC. a, Dissolved oxygen kinetics after the 

addition of oxygenated water, bare motor (with or without US), RBC-PFC (with or without US), 

and Motor-PFC (with or without US) into deoxygenated water. The US field was applied at 6 V. 

b, Time to reach kinetic equilibrium of each sample indicated in (a). c, Dissolved oxygen levels 

within the first 40 s of each sample indicated in (a). d, Dissolved kinetics after the addition of 

Motor-PFC into deoxygenated water at different US voltages. e, Time to reach kinetic equilibrium 

of each sample indicated in (d) at different US voltages. f, Dissolved oxygen levels within the first 

40 s of each sample indicated in (d) at different US voltages. A constant US frequency of 2.66 

MHz was used in all experiments. 

 

 

 

3.3.5 US-driven Motor-PFC for intracellular oxygen delivery 

After validating the oxygen delivery capability of Motor-PFC bestowed by the synergistic effects 

of both components (RBC-PFC and US-propelled AuNW), we assessed the ability of this dynamic 
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nanomotor system for intracellular oxygen delivery into hypoxic cells. Murine J774 macrophages 

were selected for this study due to their ability to be cultured in suspension, which helps to increase 

motor–cell contacts and facilitate penetration by US-powered Motor-PFC through the cell 

membrane and subsequent intracellular oxygen delivery. More importantly, macrophages have 

high sensitivity to oxygen and a prompt response to hypoxia, which has been well characterized 

by their significant biological functions against inflammation and relationships with tumor 

growth.41,42 In the present experimental setup, the Motor-PFC was first brought to a levitation 

plane by the acoustic radiation force exerted on the nanowire motor.43 After levitation, the local 

acoustic streaming effects arising from the shape asymmetric property of AuNWs can lead to the 

small amplitude oscillation in a standing wave, which is translated into motion of the Motor-PFC 

in a direction perpendicular to the acoustic wave.44 The motion of the Motor-PFC provides thrust 

toward the cell, and the driving force contributes to the active macrophage penetration and 

internalization. 

First, we evaluated the US-driven intracellular oxygen delivery to cells under hypoxic conditions 

(Figure 3.14). Specifically, J774 cells were suspended at 4 million cells/mL, followed by the 

addition of the Motor-PFC. Then, the cell/nanomotor suspension was exposed to the US field for 

5 min. During the treatment, the ultrasound field provided energy for the Motor-PFC propulsion, 

generating the force beneficial for cell poration. The driving force of the US-powered Motor-PFC 

can be estimated to be around 2.1pN based on eq 1. After the application of the US field, we tested 

the viability of the motor-treated cells by a cell proliferation assay and compared it to that of the 

untreated cells over a given time period, observing minimal difference between the two groups 

(data not shown). The cells were washed extensively to remove all unbound nanomotors, leaving 

only the internalized nanomotors for analysis. The ultimate proof for the effective penetration 
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through the cell membrane and subsequent internalization of Motor-PFC into J774 cells has been 

demonstrated by optical imaging (Figure 3.14a). For example, the optical image on the left shows 

clearly that the US-propulsion greatly enhances the Motor-PFC penetration and internalization into 

J774 cells, as indicated from the presence of several Motor-PFC within the cell. The image was 

taken right after performing the ultrasound treatment for 5 min. In contrast, no nanomotors were 

found in J774 cells treated with the same motors but in the absence of ultrasound (Figure 3.14a 

right panel), as expected from the short treatment time (5 min). 

The cells were then cultured under hypoxic conditions for varying amounts of time (i.e., 

24, 48, 72 h), and the effects on cell viability were assessed by an MTS cell viability assay. 

Notably, the active Motor-PFC was capable of preserving cell viability even after long periods of 

hypoxia induction, with near 85% cell recovery throughout the study (Figure 3.14b, red line). In 

contrast, only ∼30–40% cell recovery was observed over a 72 h period for all control groups, 

including the RBC-PFC under US (i.e., without the AuNW carrier). We attributed the benefits 

(85% cell recovery) of the US-driven Motor-PFC system to the sustained oxygen release from the 

internalized nanomotors. Under hypoxic conditions, the nanomotors localizing in the cytoplasm 

could release sufficient oxygen to mitigate the negative effects. In contrast, without applying the 

US field, most of the Motor-PFC in suspension would be removed, leading to an inability to 

maintain the cell viability. In contrast, RBC-PFC is not able to achieve such restoration efficiency 

since it could not effectively penetrate the plasma membrane. Only a small portion of RBC-PFC 

was attached to the cells during the US treatment, resulting in slightly improved cell viability. 

Although bare motors could penetrate the cell plasma membrane, they lacked RBC-PFC and 

oxygen delivery capacity. The intracellular oxygen delivery efficiency to hypoxic cells was also 

visualized fluorescently by staining the cells with a commercial detection reagent (Figure 3.14c). 
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In general, significant fluorescent signals were observed in cells subjected to hypoxia over time, 

and only the intracellular oxygen delivery by US-driven Motor-PFC resulted in the absence of this 

signal. The two data sets do show good correlation: whereas cells without any treatment present 

most hypoxic stress and lower cell survival, the Motor-PFC-treated cells demonstrate minimum 

hypoxic stress and best survival. Thus, the relief of hypoxia should be the main reason for the 

significantly higher viability of the cells treated by Motor-PFC under US, highlighting again the 

significant role of the active oxygen delivery capability of the Motor-PFC. Finally, we evaluated 

the impact of Motor-PFC concentration on the protective effects of the formulation (Figure 3.14d). 

At the highest concentration tested, minimal reduction in cell viability was observed. Fluorescence 

microscopy measuring hypoxia levels matched well with the cell viability data (Figure 3.14e). It 

is noteworthy that the intracellular delivery efficiency could be further optimized by increasing the 

loading of RBC-PFC onto the AuNWs or by adding more Motor-PFC to the cell suspension. 
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Figure 3.14 Intracellular oxygen delivery using acoustically propelled Motor-PFC. a, Motor-PFC 

internalization into J774 cells treated with 5 min of US (left) or without US (right); cells imaged 

under optical microscope. Scale bar: 5 μm. b, Viability of J774 cells after incubation with different 

treatment conditions and then being subjected to hypoxia. Cells were incubated under hypoxic 

conditions for 24, 48, or 72 h and then normalized to corresponding viability in normoxia (n = 4, 

mean ± SD). c, Fluorescence microscopy of J774 cells after incubation with different treatment 

conditions and then being subjected to hypoxia. Cells were labeled with Image-iT Green hypoxia 

reagent (green) for visualization. Images were taken at 24, 48, and 72 h. Scale bar, 100 μm. d, 

Viability of J774 cells after incubation with Motor-PFC at different input concentrations and then 

being subjected to hypoxia. Cells were incubated under hypoxic conditions for 24, 48, or 72 h and 

then normalized to corresponding viability in normoxia (n = 4, mean ± SD). e, Fluorescence 

microscopy of J774 cells after incubation with Motor-PFC at different input concentrations and 

then being subjected to hypoxia. Cells were labeled with Image-iT Green hypoxia reagent (green) 

for visualization. Images were taken at 24, 48, and 72 h. Scale bar: 100 μm. 
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3.3.6 Discussion 

We have presented an effective method to actively deliver oxygen inside living cells using US-

propelled nanomotors modified with biomimetic RBC-PFC nanoemulsions. The RBC-PFC, 

possessing a high oxygen loading capacity, was readily functionalized onto the nanomotor surface 

without affecting the acoustic propulsion. Oxygen release kinetic studies indicated that the US-

driven Motor-PFC formulation could release oxygen significantly faster compared to other 

controls (i.e., same Motor-PFC under static conditions). The oxygen release rate could also be 

tuned by adjusting the ultrasound intensity. We also confirmed that the combination of synthetic 

AuNW nanomotors with oxygen-carrying RBC-PFC nanoemulsions enabled direct and efficient 

intracellular oxygen delivery inside J774 macrophage cells, which significantly improved cell 

viability. Notably, the Motor-PFC could penetrate through the cell membrane and deliver oxygen 

into cells under hypoxia, maintaining 85% cell viability after 72 h, compared to 45% with free 

RBC-PFC and 30% with their static counterparts. Such motor-based oxygen delivery could also 

be used to target other cell types, such as tumor cells for therapeutic purposes such as 

photodynamic therapy and cardiac muscle cells for myocardial oxygen consumption. While this 

nanomotor-based intracellular delivery platform is still in its early stage and future system 

optimization is needed before leveraging this delivery strategy into clinical settings, this proof-of-

concept work clearly demonstrates the advantages of the nanomotor-based system for in vitro 

intracellular oxygen delivery. Future studies will aim at optimizing this nanomotor-based oxygen 

delivery system toward application at local hypoxic tissue sites. Meanwhile, these findings 

demonstrate that Motor-PFC can act as a powerful oxygen delivery vehicle with considerable 

promise for future therapeutic applications. While oxygen was selected here as a model gas 

molecule, we anticipate that this work will encourage the nanomotor-based dynamic intracellular 
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delivery of other therapeutic gas molecules toward diverse biomedical applications. By reducing 

the size of the AuNW motors, switching to other biocompatible motor systems, or discovering 

alternative active delivery mechanisms, we envision it is possible to design advanced motor 

systems for oxygen delivery in more practical scenarios. 

 

3.3.7 Experimental section 

Reagents and Materials. Polycarbonate (PC) membranes (400 nm pore size) were supplied from 

Whatman (cat. No.110407). Gold- and silver-plating solutions (Orotemp 24 RTU RACK and 1025 

RTU at 4.5 Troy/gallon) were purchased from Technic Inc. (Anaheim, CA, USA). 3-

Mercaptopropionic acid, poly-l-lysine, and PFC (perfluorooctyl bromide) were purchased from 

Sigma-Aldrich. Methylene chloride (HPLC grade) was obtained from Fisher Scientific. Human O-

positive RBCs were obtained from the San Diego Blood Bank. DiD and Image-iT Green hypoxia 

reagent were obtained from Invitrogen. BODIPY PFC staining dye was synthesized using a 

previously reported approach.45 J774 macrophages (TIB-67; American Type Culture Collection) 

were maintained in Dulbecco’s modified Eagle medium (DMEM, HyClone) supplemented with 

10% fetal bovine serum (HyClone) and 1% penicillin–streptomycin (Gibco). CellTiter AQueous 

One Solution cell proliferation assay was obtained from Promega. 

Preparation of AuNW Nanomotor. The AuNW nanomotors were fabricated by a template-assisted 

electrodeposition method. A 400 nm diameter porous PC membrane was first sputtered with a thin 

layer of gold. The membrane was then assembled in a Teflon plating cell and served as a working 

electrode using aluminum foil as an electrical contact for subsequent electrodeposition. A thin 
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sacrificial silver layer was initially electrodeposited into the PC membrane using a charge of 0.1 

C and a potential of −0.9 V (versus Ag/AgCl reference electrode and a Pt wire as a counter 

electrode). Then, Au was electroplated using a gold plating solution at −1 V (versus Ag/AgCl) 

with a charge of 2 C. The sputtered gold layer was removed by mechanical polishing with cotton 

tip applicators soaked with 3–4 μm aluminate powder. The silver sacrificial layer was then 

removed by a quick chemical etching using an 8 M HNO3 solution. The removal of this sacrificial 

layer helped to form the concave shape in one end of the AuNW. Subsequently, the membrane 

was dissolved in a pure methylene chloride solution for 30 min under vigorous shaking for 

complete release of the AuNWs. The resulting nanomotors were separated from the solution by 

centrifugation at 4600g for 3 min and washed twice with isopropanol, ethanol, and ultrapure water. 

Between each step, the nanomotor was mixed with the desired solvent and briefly sonicated to 

ensure the complete dispersion in the solvent. All AuNWs were stored in 1 mL of ultrapure water 

at room temperature until use. 

Preparation of RBC-PFC. RBC-PFC was prepared following a previously reported method. (22) 

Specifically, RBC membrane ghosts were obtained by hypotonic lysis. The RBC membrane was 

suspended at a final protein concentration of 2 mg/mL. To prepare RBC-PFC, 50 μL of the PFC 

was mixed with 2 mL of RBC membrane solution, followed by emulsification on ice using a Fisher 

Scientific 150E Digital Sonic Dismembrator for 2 min with an on/off interval of 2 s/1 s. The 

resulting RBC-PFC was centrifuged at 600g for 5 min to remove the excess membrane vesicles, 

followed by resuspension in 1 mL of water. For fluorescent imaging of the RBC-PFC, dual-labeled 

samples were immobilized on glass slides with Tissue-Tek OCT compound (Sakura Finetek) and 

visualized using an Olympus FV1000 confocal microscope. 
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Preparation of Motor-PFC. Motor-PFC were prepared by the immobilization of the RBC-PFC 

onto the surface of AuNWs. First, 100 μL of AuNWs were mixed with 5 μL of 11.5 M MPA 

solution and kept stirring overnight to successfully form the self-assembled monolayer on the 

nanomotor surface. The resulting MPA-AuNWs were washed twice with ultrapure water and then 

incubated with 100 μL of a 0.01% PLL solution for 2 h under vigorous shaking, aiming to obtain 

a positively charged PLL coating on the AuNWs. Finally, the resulting PLL-AuNWs were 

incubated with 100 μL of RBC-PFC at 37 °C for 1 h to obtain Motor-PFC. The nanomotors were 

washed with ultrapure water between each modification step (centrifuging at 4600g for 3 min). 

Characterization of Motor-PFC. A SEM image of Motor-PFC was obtained with a Zeiss Sigma 

500 scanning electron microscope instrument using an acceleration voltage of 10 kV. EDX 

mapping analysis was performed using an Oxford EDX detector attached to a SEM instrument and 

operated by Pathfinder software. Bright-field and fluorescent images of Motor-PFC modified with 

BODIPY-labeled PFC and DiD-labeled RBC membrane were captured using an EVOS FL 

microscope. Zeta potential measurements were conducted by a Malvern Instruments Zetasizer 

Nano ZS. The RBC-PFC loading was determined by a Pierce BCA protein assay kit (Thermo 

Scientific). 

Ultrasound Equipment and Propulsion Studies. The acoustic cell setup consisted of a piezoelectric 

transducer (Ferroperm PZ26 disk 10 mm diameter, 0.5 mm thickness) responsible for the 

generation of ultrasound waves, attached by conductive epoxy glue to the bottom center of a steel 

plate (50 × 50 × 0.94 mm3); then the steel plate was covered with a 240 μm Kapton tape protective 

layer with a sample reservoir at the center (5 mm). A glass slide was used to cover the reservoir 

for ultrasound reflection and to protect the sample. A continuous ultrasound sine wave was applied 
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via a piezoelectric transducer, through an Agilent 15 MHz arbitrary waveform generator, 

connected to a homemade power amplifier. All propulsion experiments were conducted by 

applying a continuous sine waveform that had a frequency of 2.66 MHz and an amplitude of 2.0, 

4.0, or 6.0 V (voltage at the output of the function generator). Videos were captured using a Cool 

SNAP HQ2 camera, with 20× and 40× objectives and acquired at 10 frames per second using the 

Metamorph 7.1 software (Molecular Devices, Sunnyvale, CA, USA). The particle displacement 

image stacking was performed using ImageJ software and Flow Trace Plugin. 

Dissolved Oxygen Kinetics. A measurement apparatus was built by a 20 mL glass vial with a foam 

cap, which was sealed in place using Parafilm (Bemis). Three holes were cut into the foam cap in 

order to accommodate with a syringe for nanomotor injection, an oxygen probe, and a plastic pipet 

for degassing. An acoustic cell setup was attached by conductive epoxy glue to the bottom center 

of the glass vial. Before the start of each experiment, 1 mL of water was added to the vial, and 

purged with nitrogen to remove dissolved oxygen. When the dissolved oxygen meter was stable, 

1 mL of Motor-PFC was injected into the bottom of the vial under ultrasound with a frequency of 

2.66 MHz and an amplitude of 6.0 V. The control experiment (RBC-PFC or bare motor) with 

ultrasound was conducted under the same conditions as the Motor-PFC with normalized 

concentration. The static controls, oxygen release of Motor-PFC, RBC-PFC, bare motor, and water 

without ultrasound were employed in the same conditions. Intensity-dependent oxygen release of 

Motor-PFC was conducted at various amplitudes (2.0, 4.0, and 6.0 V; keeping the frequency 

constant at 2.66 MHz). 

Intracellular Oxygen Delivery. J774 cells cultured in suspension (2.5 μL, containing ∼10 000 

cells) were treated with Motor-PFC (2.5 μL, 1.3 × 104 motors) during 5 min in the ultrasound setup 
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(6 V, 2.66 MHz, 5 min). The 5 min treatment time was chosen based on previous reports. (38) In 

order to obtain enough cells for the following studies, the US treatment was repeated multiple 

times (20 times) for every control experiment, and the treated cells were combined at the very end. 

The resulting cell–nanomotor suspension (∼100 μL) was collected in an Eppendorf tube. After 

leaving undisturbed for 5 min at room temperature, the unbound Motor-PFC was removed and the 

settled cells were resuspended in 100 μL of DMEM medium. An EVOS FL microscope with a 

100× oil objective lens was used to image the motor internalization to the cells. A 5 μL amount of 

cells was transferred to the well of a 96-well plate containing 95 μL of culturing medium. The cells 

were then incubated under hypoxic conditions (1% O2/5% CO2/94% N2) in a Thermo Scientific 

Forma Series 3 WJ incubator. Cells were examined at certain time points (i.e., 24, 48, 72 h) by a 

cell viability assay and hypoxia imaging. Specifically, cell viability was quantified using a 

CellTiter AQueous One Solution cell proliferation assay (Promega) following the manufacturer’s 

instructions, and cells were stained by Image-iT Green hypoxia reagent and imaged using an 

EVOS FL microscope. Normoxic control cells were incubated under normoxic conditions (20% 

O2/5% CO2/75% N2) in a Thermo Scientific Heracell 150i incubator. For static control of Motor-

PFC, the ultrasound treatment was omitted. 

 

Chapter 3.3, in full, is a reprint of the material as it appears in ACS Nano, 2019, by Fangyu 

Zhang, Jia. Zhuang, Berta Esteban-Fernández de Ávila, Songsong Tang, Qiangzhe Zhang, Ronnie 

H. Fang, Liangfang Zhang, Joseph Wang. The dissertation author was the primary investigator and 

author of this paper. 
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CHAPTER 4. SUMMARY AND PERSPECTIVES 

4.1 Summary 

The purpose of this dissertation was to demonstrate some of the unique capabilities and 

applications of cell-based autonomously propelled microrobots. The following are the 

dissertation's major accomplishments: 

(1) Design and fabrication of versatile surface functionalized algae-based biohybrid 

microrobots for biomedical and environmental applications. In the first example, antibiotic-loaded 

cell membrane-coated polymeric nanoparticle were functionalized to the surface of algae via click 

chemistry for the formation of biohybrid microrobots. In a mouse model of acute Pseudomonas 

aeruginosa pneumonia, the algae robots are capable of delivering antibiotics to deep lungs, 

reducing the bacteria burden and substantially lessening animal mortality, with negligible toxicity. 

The distinct advantages of microrobots for acute pneumonia treatment are mainly attributed to the 

self-propulsion of algae in the local environment where they can escape the alveolar macrophage 

engulfment and prolong the action of the drug. In the second example, living algae-based 

microrobots were encapsulated in a protective oral capsule for gastrointestinal tract drug delivery. 

When orally administered in vivo into mice, the algae robots substantially improved GI 

distribution of the dye payload compared with traditional magnesium-based micromotors, which 

are limited by short propulsion lifetimes, and they also enhanced retention of a model 

chemotherapeutic payload in the GI tract compared with a passive nanoparticle formulation. In the 

third example, the algae-based microrobot is fabricated by using click chemistry to functionalize 

microalgae with angiotensin-converting enzyme 2 (ACE2) receptor against the SARS-CoV-2 
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spike protein. The movement of the ACE2 receptor functionalized algae-robot offers effective “on-

the-fly” removal of SARS-CoV-2 spike proteins and SARS-CoV-2 pseudovirus. 

(2) Selection of appropriate microorganisms with good motility, long lifetime, and 

adaptability in low pH for construction of biohybrid microrobots and use for application in 

extremely acidic conditions. We used acidophilic algae for its ability to swim in acidic conditions 

capability at pH down to 1.5 and further demonstrated the creation of biohybrid microrobots by 

loading different synthetic nanoparticles for practical biomedical application. By tuning the 

surface properties of cargos, it is possible to modulate their precise gastrointestinal localization. 

(3) Integration of blood cells and cell components with synthetic actuation materials for 

the development of cell-based microrobots with effective propulsion in versatile biofluid and 

specific biomedical operations. For example, utilizing the efficient propulsion of magnesium 

microrobots in biofluid, the macrophage-magnesium hybrid microrobots can achieve high 

endotoxin removal compared to the static cell counterparts. Applying the enzyme conversion in 

physiological surroundings, urease linked platelet can yield enhanced motion and improved 

capabilities for anti-bacteria and anti-cancer treatment. Taking advantage of fast movement and 

cell membrane penetration ability of gold nanowire microrobots under ultrasound, red blood cell 

membrane coated oxygen-loaded PFCs which are modified to the gold nanowire surface can 

realize intracellular oxygen delivery in vitro. 
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4.2 Perspectives 

During the past decade, microrobotic research has been based on the principle of simplicity 

in design, powering, and fabrication of autonomous robotic systems. This choice in the design was 

required, as typical macroscale robotic strategies present a particular challenge to adapt to small 

scales. Looking forward, research should transition away from the current standards of 

microrobots based on simple geometries (spheres, wires, and hollow tubes) and rigid homogeneous 

materials into modular designs embedded with hybrid and soft material compositions. The 

microrobots will not only be built from building blocks present in the environment or transported 

by them, but they will also be able to do this collectively by communicating and even joining 

together to form complex assemblies. Additionally, sensing can happen by a mechanical signal 

due to a gripper or soft and deformable extensions. Loading and unloading cargo is of great 

importance for any task driven microrobot. Being able to communicate to a microscopic robot 

which cargo to pick up, navigate and drop it off at a targeted location with high temporal accuracy 

is crucial for the future. Now that our ideal microrobot can move and sense its environment, it is 

important to make sure it can communicate and cooperate with its fellow active partners. Again, 

whether through chemical cues or electromagnetic/sound wave interactions, microscopic robots 

can “talk” to each other in a variety of ways to form simple swarms or change their behavior to 

perform specific tasks that a single microrobot cannot do. Integrating smart materials gradients in 

the microrobot composition and design could introduce time delay and dynamic behavior that 

induce oscillating behaviors. Finally, we envision these structures will get closer and closer to their 

living analogues. Thus, we see that putting on-board synthesis micro factories as an absolute 

necessity. Then, our micro/nanorobots could process fuels or reagents into useful molecules and 

more building blocks, whether making in situ adhesive, such as mollusks or DNA kill sequences, 
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to just name a few. With such complex synthesis and assembly capabilities microrobots might 

become closer to animal counterparts with different parent and child types of microrobots or even 

one generation releasing another or even making replicas of itself. 

We should also consider that the next decade is essential for the future of microrobotics. 

Currently, most efforts are focused on very narrow research. It is clear that realizing the vision of 

intelligent microrobots and expanding their scope require the close collaboration of researchers in 

diverse fields ranging from materials science, robotics, chemistry, and artificial intelligence. 

Commercialization will help to drive the research. Thus, researchers should consider problem 

selection, aim at tackling unmet needs, and think outside the box. It is impossible to imagine how 

microscopic robots will look in the next few years, but just like the development of 

microprocessors, miniaturization of everyday tools could have a profound impact on future 

technological revolutions. 

 

Chapter 4.2 is based, in part, on the material as it appears in Chemical Reviews, 2021, by 

Fernando Soto, Emil Karshalev, Fangyu Zhang, Berta Esteban Fernandez de Avila, Amir 

Nourhani, and Joseph Wang. The dissertation author was the primary investigator and author of 

this paper. 

 

 

 

 




