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Abstract

Fungal pathogens have been designated by the World Health Organization as microbial threats of 

the highest priority for global health. It remains a major challenge to improve antifungal efficacy 

at the site of infection while avoiding off-target effects, fungal spreading, and drug tolerance. 
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Here, we develop a nanozyme-based microrobotic platform that directs localized catalysis to the 

infection site with microscale precision to achieve targeted fungal killing. Using electromagnetic 

field frequency modulation and fine-scale spatiotemporal control, structured iron oxide nanozyme 

assemblies are formed that display tunable dynamic shape transformation and catalysis activation. 

The catalytic activity varies depending on the motion, velocity, and shape providing controllable 

reactive oxygen species (ROS) generation. Unexpectedly, nanozyme assemblies bind avidly 

to fungal (Candida albicans) cell surfaces to enable concentrated accumulation and targeted 

ROS-mediated killing in situ. By exploiting these tunable properties and selective binding to 

fungi, localized antifungal activity is achieved using in vivo-like cell spheroid and animal tissue 

infection models. Structured nanozyme assemblies are directed to C. albicans-infected sites using 

programmable algorithms to perform precisely guided spatial targeting and on-site catalysis 

resulting in rapid fungal eradication. This nanozyme-based microrobotics approach provides a 

uniquely effective and targeted therapeutic modality for pathogen elimination at the infection site.

Graphical Abstract

We develop a microrobotic platform using iron oxide nanoparticle-based nanozymes to achieve 

precise spatial targeting and localized catalysis for rapid fungal killing. These nanozyme-

microrobots demonstrate programmable motions, controllable catalysis, and selective binding to 

fungi. Using tissue infection models, we show localized delivery of nanozymes and targeted fungal 

eradication, providing a unique antifungal modality for pathogen killing at the infection site.
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1. Introduction

Fungi are notoriously resistant to treatments and are a major public-health concern 

worldwide.[1,2] Recently, the World Health Organization (WHO) has designated fungi such 

as Candida albicans as microbial threats of the highest priority for global health despite 

current antifungal therapies, which indicates alternative approaches are urgently needed.
[3,4] Nanomaterials have gained increased attention for potential applications as antifungal 

agents.[5,6] However, the killing potency of nano-drugs is often limited requiring prolonged 

(hours-long) treatment time while lacking fungal targeting specificity. Hence, drug delivery 

with enhanced selectivity to the infection site and rapid fungal eradication remain major 

challenges to avoid off-target effects, as well as to prevent drug resistance development and 

pathogen spreading.[4]

Recent progress in catalytic nanoparticles (termed nanozymes) with magnetic properties 

has led to new treatments against bacterial biofilms with precision and efficacy that could 

be leveraged for treatment of fungal infections.[7–13] Specifically, iron oxide nanoparticles 

(IONP) have been employed against bacterial pathogens associated with several biofilm 

infections due to high peroxidase-like activity that activates hydrogen peroxide to generate 

reactive oxygen species (ROS) with potent biofilm killing effects.[14,15] Furthermore, the 

high magnetic susceptibility of IONP permits precise controllability to enhance localized 

delivery of nanoparticles and antibiofilm efficacy.[7,13] These properties combined with 

proven biocompatibility, facile synthesis/scalability, and flexible surface functionalization/

coating render IONP as an attractive nanomaterial for biomedical applications.[16–18] 

However, nanozyme-based treatment against fungal infections remains underexplored.

Candida albicans is one of the most common and widespread fungal organisms causing 

human infections.[2] It is an opportunistic pathogen that forms highly localized biofilm 

infections on both implanted surfaces and soft tissues that could be targeted using the 

nanozyme approach.[19,20] Recently, we combined the catalytic and magnetic properties of 

iron oxide nanoparticles to create small scale antibiofilm robots that demonstrated effective 

killing and removal of bacterial pathogens.[7,13] Magnetic robotic actuation is attractive 

because it allows tether-free controlled motion and enables a wide variety of robotic 

locomotion strategies to precisely deliver catalytic action,[21–23] which could be leveraged 

for spatial targeting of localized fungal infections.

Here, we create microrobotic assemblies composed of nanozymes using fine-scale 

spatiotemporal control for precise targeting of infection sites and localized catalysis 

to achieve effective fungal killing on-site. Using electromagnetic field frequency and 

positioning modulation, we assemble morphology-adjustable nanozyme microrobots that 

can freely extend, retract, roll, vibrate and glide with high spatiotemporal precision. The 

catalytic activity of these nanozyme assemblies varies depending on the motion, velocity 

and shape providing on-site reactive oxygen species (ROS) generation. Furthermore, we 

unexpectedly find that nanozyme assemblies bind avidly to fungal cells (C. albicans), 

more specifically than to human (gingival) cells. This selective binding interaction to 

fungi promotes localized accumulation of high amounts of nanozymes and targeted ROS 
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generation in situ, potentiating the antifungal effect. We demonstrate directed delivery and 

catalytic killing of fungal cells within 10 minutes through cell-nanozyme binding and spatial 

targeting using cell spheroid and tissue infection models. The nanozyme-based robotics 

approach results in rapid and precise C. albicans eradication, providing a uniquely effective 

and targeted antifungal modality for pathogen killing at the infection site.

2. Results and discussion

2.1. Preparation and assembly of nanozyme microrobotic assemblies

We leveraged the efficient catalysis of iron oxide nanoparticles (termed nanozymes)[24] 

and their magnetic properties to create shape-tunable assemblies using electromagnetic 

field frequency modulation and fine-scale spatiotemporal positioning, while preserving their 

catalytic activity (Figure 1). Conceptually, we combine nanozyme properties with robotic 

principles of controllability and automation to develop nanozyme-based microrobots capable 

of targeting and treating localized fungal infections at multiple length scales (Figure 1A).

Our approach is based on on-site assembly of individual nanozymes into a set of specific 

reconfigurable superstructures using a custom-built electromagnet array with multi-axis 

motion. The experimental setup is shown schematically in Figure 1B. Two coaxially 

arranged programmable electromagnets are located on either side of a customized container, 

and an iron core is positioned at the center of electromagnet-1. IONPs made in-house 

are building blocks for nanozyme-microrobots (Figure S1, Supporting Information). The 

aqueous IONP dispersions are transferred to the container in the working space between 

the electromagnets. Each of the nanozyme-microrobot configurations is initiated by applying 

a magnetic field to the dispersion, which is produced by passing direct current through 

electromagnet-1 on the side with the actuatable core. The magnetic field generated from 

electromagnet-1 induces the magnetization of the iron core and thus the localized magnetic 

field density near the core within the container, which induces a sea-urchin-shaped 

nanozyme assembly next to the iron core. This collection step initializes each of the 

formations and motions used in these studies.

The shape and motion of the nanozyme microrobots are controlled according to the 

applied magnetic field from electromagnets, which is harmonized via a programmable 

microcontroller. According to the ratio of the magnetic field strength generated by the 

electromagnet-1 and electromagnet-2, the nanozyme assemblies can be variably extended 

along the y-axis from the core side, while oscillating components of the magnetic field 

enable both structural vibration, as well as enhanced controllability of extension. In addition, 

the x-z position of the nanozyme assemblies is coupled with the position of the iron core, 

which can also be adjusted by the microcontroller. This controllability allows abundant 

automated multimodal three-dimensional (3D) motions of nanozyme microrobots.

Although catalytic activities of dispersed IONP have been well-studied, little is known 

about the catalysis of structured, mesoscale nanozyme assemblies. We therefore first study 

various magnetic field configurations and corresponding motions as well as the catalytic 

properties of nanozyme microrobots using the custom-built electromagnetic device. We 

develop 4 different dynamic motions including rolling, vibrating, gliding, and dabbing 
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(Figure 1C), which can generate ROS dynamically at different spatial regions and deliver 

nanozymes through shape transformations. The rolling motion is induced by translating the 

initial sea-urchin-like structure across the container surface. For this motion, the position 

of the electromagnet core is varied while electromagnet-1 is continuously energized with 

a constant current. The characteristic rolling motion is caused by a balance between 

container wall friction, which anchors domains of the structured assemblies near the wall, 

and recirculation of nanozyme domains on the outer surface of the assembly. The gliding 

motion is induced by energizing electromagnet-2 after the initial collection step, which 

causes extension of the structured assemblies along the central axis of the electromagnets. In 

this form, the entire high aspect ratio structure glides along the surface as the electromagnet 

core is actuated. The rolling and gliding motions can be used for convective fluidic mixing 

and distribution of generated ROS within the spatial range of actuation.

To achieve the vibration motion, electromagnet-2 is energized with a bias current as well as 

an oscillating component. This causes the structural ‘spikes’ to rapidly oscillate alternately 

inward and outward relative to the central axis. Lastly, the dabbing motion is characterized 

by controllable linear extension along the y-axis. This motion is enabled by applying a 

simultaneous bias field and oscillating field to electromagnet-2 after an initial x-z plane 

positioning step. The vibration and dabbing motions are useful for precisely delivering 

nanozyme catalysis to specific target locations on distal surfaces.

Next, we investigate peroxidase-like catalytic activity of nanozyme microrobots with three 

representative dynamic motions (rolling, vibrating, and gliding) using the colorimetric 

TMB (3,3′,5,5′-tetramethylbenzidine) assay. Nanozyme can oxidize colorless TMB to blue-

colored oxidized TMB in the presence of H2O2 via ROS generation from H2O2 catalysis. 

The oxidized TMB can be quantitatively determined by measuring the absorbance values at 

652 nm.[24]

To determine the catalytic activity according to the three representative dynamic motions 

of nanozyme assemblies with the same amount of iron oxide nanoparticles (1.0 mg mL−1), 

linear velocities from 0 to 12 mm s−1 with 10 mm path lengths along the x-axis are tested 

for the rolling and gliding motions, and frequencies from 0 to 16 Hz are considered for the 

vibrating motion (Figure 2 A,B). We find that faster linear velocities and higher frequencies 

lead to more vigorous catalytic reactions for all dynamic motions, whereas minimal catalysis 

is observed in static conditions (Figure 2 C–E). Hence, dynamic motions activate ROS 

generation by the nanozyme assemblies and increase proportionally to linear velocities, 

leading to significantly enhanced catalytic activity. In the case of rolling and gliding, the 

highest catalytic activity is about 7 and 6 times greater than that of the vibrating nanozyme 

microrobot, respectively (Figure 2 F–H).

It is noteworthy that increasing vibration frequency results in only incremental enhancement 

of catalytic activity despite creating more pronounced structural movements, indicating that 

sub-millimeter-scaled amplitude of the vibrating motions may not be enough to generate 

sufficient mass transport (Figure S2, Supporting Information). However, centimeter-scale 

movements of rolling and gliding motions generate fluid convection for mixing and 

significantly enhance ROS production (Figure S3 and Movie S2, Supporting Information). 
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In addition, the shape of the nanozyme microrobot assemblies remains intact during lateral 

gliding motion. But in rolling motion, as the assembly circulates, nanoparticles located 

within the structure are continually exposed to the interface, possibly causing slightly greater 

catalytic activity. Furthermore, the dynamic motion of the assembly of IONPs augments 

the diffusion and mass transfer within the chamber based on mechanical agitation. This 

shifts the equilibrium of peroxidase-like catalytic reactions occurring on the IONP surface, 

resulting in enhanced ROS generation. Interestingly, the catalytic activity enhanced by 

rolling motion saturates above 6 mm s−1 (Figure 2F and Figure S4, Supporting Information). 

For gliding motion, the catalytic activity rises linearly up to 12 mm s−1 before the 

superstructure loses structural stability at higher linear velocities (Figure 2H).

Altogether, we develop nanozyme microrobots with shape-tunable and motion-enhanced 

catalysis. Given the limited surface area compared to freely dispersed IONPs, the nanozyme 

microrobots display reduced catalytic activity when in static state, suppressing unnecessarily 

occurring catalytic reactions. On the other hand, nanozyme microrobots can perform 

localized catalytic reactions when set in motion providing an effective approach to locally 

generate and directly deliver ROS to targeted spatial locations through the dynamic motions, 

thereby avoiding off-target effects.

2.2. Antifungal activity of nanozyme-based microrobots

Next, we assess whether the nanozyme assemblies with motion-induced ROS can kill fungal 

cells. We use C. albicans as a model pathogen because it is the most common fungus 

in the human mycobiome and is associated with a variety of fungal infections.[2,25,26] To 

investigate killing efficacy, we test the nanozyme-based microrobots against planktonic cells 

and biofilms. We select the ‘rolling nanozyme microrobot’ as the most efficient motion to 

generate antimicrobial catalysis (diagram in Figure 3A). We find that ROS generation for 

5 min effectively killed planktonic C. albicans (>10 times more effective than 0.5% H2O2), 

while causing complete fungal eradication within 10 min (undetectable viable cells) (Figure 

3B, left). ROS exhibit antimicrobial activity against bacterial and fungal cells by causing 

oxidative damage of intracellular biomolecules, including deoxyribonucleic acid (DNA), 

enzymes and other proteins.[27] For example, the iron-sulphur cluster decomposes upon ROS 

exposure, which can disrupt metabolic pathways and lead to cell death. ROS can also cause 

cell membrane damage while producing reactive aldehydes that are toxic to the microbial 

cells.

Given the enrichment of ROS generation by the dynamic motion, we compared the 

antifungal killing activity of ‘rolling nanozyme microrobot’ to the same amount of 

nanozymes dispersed in solution or in static assembled mode (Figure S5, Supporting 

Information). We find that nanozyme treatment in static mode or dispersed phase results 

in only a modest killing effect (<1-log reduction) indicating that the dynamic motion of the 

nanozyme microrobot is important for increased antifungal potency.

We then test the antifungal efficacy of nanozyme-microrobots against pre-formed C. 
albicans biofilms without physical contact (distal killing). We find that the biofilm killing 

efficacy of nanozyme treatment is increased compared to H2O2 only. However, as the 

distance between nanozyme assemblies and biofilm is decreased from 4 to 2 mm, the 
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increase in killing efficacy is not statistically significant despite there being more dead 

cells (Figure 3B, right). Nanozymes without H2O2 (IONP only) have minimal antifungal 

effect confirming the catalytic, ROS-mediated killing mechanism (Figure S6A and S6B, 

Supporting Information). The reduced antibiofilm efficacy using the distal (non-contact) 

nanozyme-microrobotic approach (i.e., assemblies 2–4 mm away from the biofilm surface) 

could be due to several reasons, including enhanced antimicrobial tolerance of biofilms 

(compared to planktonic cells) as well as the limited ROS diffusion distance.[28–30] To 

address these limitations, closer proximity or direct surface contact may be required for 

effective antifungal killing in a biofilm state.

Unexpectedly, we observe large amounts of nanozymes bound on C. albicans cells when 

attempting to achieve closer or direct contact to the fungal surface. The nanozymes adhere 

with remarkably high affinity to both yeast and hyphal forms of C. albicans coating 

nearly the entire fungal surface, as shown using confocal fluorescence and scanning 

electron microscopy (SEM) (Figure 3C, left and middle). Magnified SEM images show 

nanozymes forming a coating wrapping around the fungal hyphae (Figure 3C, right). To 

further investigate the mechanism of nanozyme binding on the surface of C. albicans, 

we use C. albicans mutants with defects in (i) hyphal morphogenesis (ΔΔefg1, a master 

regulator of C. albicans hyphal formation); (ii) cell-wall adhesins (ΔΔbcr1, a master 

regulator of hyphal wall adhesins, and ΔΔals1/ΔΔals3 double mutant); (iii) cell-wall 

iron binding proteins (ΔΔrim101); and (iv) cell-wall mannan polysaccharides (ΔΔpmr1, 

ΔΔoch1, ΔΔmnt1/ΔΔmnt2). Among Candida mutants, we find significantly reduced binding 

affinity of nanozymes in a mutant strain defective in cell wall O-mannan biosynthesis 

(ΔΔmnt1/ΔΔmnt2)[31] (Figure S7, Supporting Information), suggesting that O-mannan 

polysaccharides on the fungal surface are critical for nanozyme-fungal interactions. All 

other mutant strains do not impact nanoparticle binding despite their unique morphological 

differences compared to the wild type. Notably, the nanozymes bind poorly to tissue 

suggesting higher affinity to C. albicans but less binding to human cells (Figure S8, 

Supporting Information). Such selective binding to the fungal cells indicates the possibility 

to directly target them for localized delivery and catalytic killing in situ.

The data indicate antifungal killing against planktonic C. albicans cells through nanozyme-

microrobots via active mixing and convection of catalytic products, but close proximity may 

be required for antibiofilm activity. Given that the nanozymes show exceptional binding 

capacity to the fungal surface, delivering nanozymes directly to the infection sites may 

potentiate killing via in situ delivery-catalysis and lead to effective and precise antifungal 

targeting.

2.3. Nanozyme microrobot-directed delivery for in situ catalysis killing

To effectively use the nanozyme microrobots for direct delivery to the C. albicans biofilm 

surface, we adapt the ‘rolling nanozyme microrobot’ to traverse the fungal biofilm in direct 

contact, thereby “painting” a specific location for targeted antifungal action. By adjusting 

the number of strokes or passes, we precisely control the amount of fungal biofilm coating 

from light to dense layers of nanozyme (Figure 4A). Visually, this creates striking swathes 

of localized layering as shown in Figure 4A. Close-up images show the boundary between 
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the coated and non-coated areas demonstrating precision delivery of nanozymes via this 

controlled robotic approach.

To increase targeting precision, we devise a control algorithm to cause a linear extension-

retraction motion to create “dabbing” dynamics for more subtle yet highly localized delivery, 

whereby the size and diameter of the dabbed region can be controlled (Figure 4B and Figure 

S9, Supporting Information). By varying the timing, electromagnet-1 and -2 currents, and 

the oscillating field frequency and magnitude, we are able to control the extension of the 

nanozyme assemblies in a fashion similar to a linearly extending robotic arm.

Next, we test the biofilm killing efficacy of dynamic nanozyme assemblies providing 

directed, controlled delivery of catalysis for in situ killing via ‘painting nanozyme-

microrobot’. The data show that the nanozymes are delivered onto the targeted area on 

the fungal biofilm, and the cell-bound nanozymes remain highly catalytic (Figure S10, 

Supporting Information). We find that the ROS generation in situ significantly reduces the 

number of viable cells within the targeted area of fungal biofilms in 2 min (~10 times more 

effective than H2O2 alone (Figure 4C), while causing nearly complete fungal killing with 

negligible viable cells within 5 min, indicating high precision and efficacy of the painting 

approach.

We further investigate the possibilities to spatially target localized fungal pathogens within 

the biofilm through precision-guided ‘dabbing nanozyme microrobot’. Similarly, the data 

reveal that the targeted areas do not harbor viable fungal cells after 5 min treatment, 

whereas fungal areas in proximity but outside the targeted area remain viable (Figure 

4D). As expected, nanozymes without H2O2 (IONP only) show minimal effect on biofilms 

(Figure S6C and S6D, Supporting Information). Furthermore, we find that the dabbing 

motion efficiently delivers large amounts of IONP locally, forming a dense coating and large 

deposits of nanozymes onto C. albicans surfaces (Figure 4E). In contrast, dispersed IONPs 

sparsely bind to the fungal surface. Notably, the dabbed nanozyme accumulation results 

in more effective killing (no detectable viable cells) than dispersed nanozyme solution 

treatment (<1-log reduction than control) (Figure 4F). We also evaluate the efficacy of 

the nanozyme-targeting approach against a biofilm-forming clinical isolate of C. albicans 
(UR#5).[32] The data show that the ‘dabbing nanozyme microrobot’ can also eradicate 

the clinical isolate in the targeted biofilm area within 10 min (Figure S11A, Supporting 

Information).

Collectively, the data indicate remarkable precision and efficacy in a highly controllable 

manner achieving bulk and localized fungal killing. These painting and dabbing nanozyme-

microrobots represent a uniquely effective way to provide antifungal activity on targeted 

surfaces. Additionally, the rapid (within 10 min) and high killing efficacy (complete 

eradication) obtained in this work represent a significant improvement over the antifungal 

performance (> 1.5 h treatment time, < 98.85% of antifungal efficacy) recently reported for 

other nanozyme-based antifungal approaches.[33–35]
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2.4. Precision and efficacy using experimental models

To further assess the antifungal precision and efficacy, we develop a host cell-fungal (human 

gingival spheroid and C. albicans) model that allows testing fungal cell capturing-killing 

to validate nanozyme-binding properties and catalytic antifungal activity of the microrobots 

(Figure 5). In this model, 3D spheroids of human gingival cells are premixed with C. 
albicans to emulate co-existence of host cells and fungal pathogens (diagram in Figure 5A). 

Then, a nanozyme microrobot is magnetically guided to capture and remove the fungal cells 

without disturbing the human tissue-like spheroid. The captured fungi are transported to a 

chamber to demonstrate catalytic killing in the presence of hydrogen peroxide.

In the demonstration, we find that the nanozyme assembly could relocate through 

magnetically controlled motions to capture the fungal aggregates surrounding the spheroid 

tissue. Time-lapse images show the nanozyme assembly can bind, capture, and engulf 

fungal aggregates while moving across the surface (Figure 5B). The nanozyme-microrobot 

minimally binds to the spheroid tissue allowing effective and targeted fungal binding and 

removal. We also quantitatively assess the effectiveness of fungal capturing by comparing 

the amount of fungal cells before and after the treatment using computational imaging 

analysis (Figure 5C and Figure S12, Supporting Information). The data show that the 

nanozyme robotic approach effectively separates and removes the fungal cells from the 

mixture (Figure 5D). The captured C. albicans cells are transferred to a separate chamber 

containing H2O2 to demonstrate catalytic killing. After 10 min exposure, the fungi are 

recovered and assessed for viability; the data show complete eradication with no detectable 

viable cells (Figure 5E).

Next, we explore directed delivery in a palatal mucosal tissue model with localized C. 
albicans growth to mimic clinical characteristics of fungal infection on soft tissues. To 

effectively use the nanozyme-microrobots for precise delivery, we develop an automated and 

programmable delivery system. Our system enables control of nanozyme assemblies with 

three translational degrees-of-freedom. Two of the directions are controlled by servo motors 

which reposition the electromagnet cores controlling the center of the nanozyme microrobot, 

while the third degree-of-freedom is controlled by modulating the currents to precisely and 

continuously extend the assemblies along the direction of the central axis of the coils.

To create the precise dabbing motion, we first apply a current to the coil opposite the 

target to collect nanozymes. While holding the nanozymes against the substrate, we adjust 

the center of the electromagnet core in the flat, facial plane of the electromagnetic coil. 

Once centered in a position aligned with the target in the z-direction, we apply current 

to the coil behind the target, which causes a linear extension of the structured assembly. 

However, the assembly typically adjusts shape in abrupt, discrete steps as the nanoparticles 

reorganize during extension, even when current is adjusted continuously. To overcome 

this discrete, step-like extension, we apply a continuously modulating sine wave at 15 Hz 

superimposed on a bias signal to create a smooth, controllable, and repeatable extension. 

The high frequency modulated wave aids in smooth morphological rearrangement of the 

nanoparticle assemblies during the extension and retraction phases, and results in higher 

aspect ratio superstructures. This results in the dabbing motion used to precisely target tissue 

surfaces (Figure 6A, Figure S9, and Movie S3, Supporting Information). The time-lapse 
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and the dabbing show remarkable precision and localized nanozyme delivery, whereby the 

amount and size can be controlled by the number of dabs and concentration of nanozymes 

(Figure 6B–C). Higher nanozyme concentration and more dabs result in an increase in 

coated area.

To automate nanozyme delivery, we program an algorithm to convert the servo motor 

positioning angles into the coordinates of the target. The x-axis is controlled by a rack and 

pinion gear system, while the y-position is determined by a radially sweeping arm (Figure 

6D and Figure S13, Supporting Information). To achieve sub-millimeter dabbing motions 

and further improve precision delivery of nanozymes via the dabbing method, we calibrate 

the nanozyme assemblies to correct for minor positioning errors introduced by sources such 

as gear positioning and backlash (Figure 6E). Nanozyme assemblies are initially tested on 

an adhesive substrate during this calibration step. The resulting ‘hitmap’ is used for error 

correction before nanozyme delivery to tissues.

In a clinical setting, Candida infection is characterized by localized white plaques (thrush) 

on the epithelial tissue comprised mostly of hyphal forms.[36] To test the precision and 

efficacy of the nanozyme-based robotics approach, we use an experimental model to 

recapitulate the anatomical features of oral mucosa and localized fungal infection. We 

first create a primary whole-organ culture using explant murine oral mucosa with localized 

infection sites using C. albicans inoculated on predetermined areas on the palatal tissue 

(Figure 7A). The data show that C. albicans colonized the mucosal tissue forming a 

focal infection harboring mostly hyphal cells adhered to the mucosal epithelium (Figure 

7B), similar to those found clinically. We then apply the automated delivery via nanozyme-

microrobots using dabbing algorithms established in Section 2.4 above towards localized 

C. albicans infection sites (diagram in Figure 7C). Spatial coordinates of the targeted sites 

are extracted using image analysis and used to deliver nanozymes via the guided ‘dabbing 

approach’. Imaging analyses show controllable dosage of nanozymes delivered on-site to 

the specimens depending upon the number of dabs applied (Figure 7D). Fluorescence 

images show that the focal C. albicans infection site was coated by nanozymes whereas the 

surrounding epithelial tissue was devoid of nanozymes, suggesting high spatial delivery 

precision (Figure 7E). Catalytic activation kills the fungal cells on-site, resulting in 

significant reduction of viable fungi on the mucosal tissue (Figure 7F). The IONP alone 

group has no antifungal effect (Figure S6E, Supporting Information).

The biocompatibility and biosafety of IONP nanozymes are crucial factors that determine 

their potential for future clinical application. IONP nanozymes have been thoroughly 

investigated in our previous studies, which strongly supports biocompatibility both in vitro 
and in vivo.[9, 37] To further ensure biocompatibility and biosafety, we test whether the 

dabbing of nanozyme superstructures can affect the integrity of the soft tissue surface. Using 

the ex vivo palatal mucosal tissue model, which is directly exposed to dabbing nanozyme 

treatment and then collected for histological analysis, we find that IONP dabbing does not 

cause physical damage on mucosa tissue when compared to the control group (Figure S14, 

Supporting Information).
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3. Conclusion

In summary, we employ microrobotic techniques to control the morphology, position, and 

on-site catalysis of nanozyme assemblies and demonstrate rapid killing with microscale 

precision against C. albicans, a widespread opportunistic fungal pathogen associated with 

many human infections. We study the catalytic activity of assembled nanozymes under 

various motions including rolling, vibrating, and gliding and apply this knowledge to 

achieve precision-guided antifungal treatment using biofilm and tissue infection models. 

Unexpectedly, we find that the nanozyme assemblies bind avidly to the surface of C. 
albicans and exploit this selective adhesion property to promote localized delivery and 

enhanced killing. The adhesion specificity and robotic motion routines are combined 

to create uniquely effective treatments for C. albicans infections. We demonstrate 

three key features of the nanozyme robotics approach: (1) controllable nanozyme 

catalysis through tunable dynamic motions and velocity promotes antifungal effects while 

avoiding unmitigated free radical production, (2) precise spatial targeting allows localized 

accumulation of high amounts of nanozymes to the site of infection and targeted ROS 

generation in situ, potentiating the biofilm killing activity and minimizing off-target effects, 

and (3) rapid fungal eradication due to high binding affinity and in situ killing of C. 
albicans. These findings may lead to high precision nanozyme-based therapies to treat 

fungal infections, which have been increasingly recognized as a major global health threat.

While our studies demonstrate remarkable potency and precision against fungal cells and 

tissue infections, there are some limitations, but also opportunities to motivate further 

studies. Although colorimetric indicators such as TMB give a measure of time-integrated 

ROS generation, they lack a direct correspondence to the real-time position of ROS. Thus, 

using TMB as an indicator does not directly relate to enhanced killing efficacy of cells. 

Future investigations analyzing time-lapsed cell killing concomitantly with direct ROS 

measurement may lead to better understanding of antifungal activity. Our work also reveals 

the interplay between localized nanozyme-enhanced generation of ROS, consumption of the 

source reactant, and the limited diffusion distance from the site of catalysis, emphasizing the 

importance of the on-site catalytic activity for killing efficacy. Additional characterization 

of the organization dynamics of superstructures, the influence of nanoparticle size/surface 

chemistry and spatial interactions with C. albicans cell wall may reveal novel mechanistic 

insights on the relation of in situ catalytic activity and microbial killing. The exact 

reasons for nanozyme binding to fungal surfaces are unknown although O-linked mannans 

appear to be at least one of the modulatory factors. Detailed studies on cell wall genetics 

and composition are needed to assess the binding affinity and adhesion mechanisms of 

nanozymes to fungal surfaces, and whether other microbes can be similarly targeted.

Other nanomaterials, including metal-, carbon-, and lipid-based nanoparticles, have been 

investigated for their potential applications as antifungal agents.[5,6] These materials can 

also improve the efficacy of conventional antifungal agents, reduce the development of drug 

resistance, and enhance drug delivery. However, to the best of our knowledge, current 

antifungal nano-drugs require longer treatment time and are unable to provide such a 

combination of precise spatial targeting and effective in situ killing at the site of fungal 

infection (a common clinical trait), which may also prevent off-target effects. In addition, 
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iron oxide nanoparticles (including Food and Drug Administration-approved formulations) 

have been shown to be biocompatible, non-toxic, and safe for humans at therapeutic 

dosages, which can facilitate clinical translation.

Altogether, this study demonstrates that microrobotic techniques for assembly and control 

of nanozyme constructs provide unique spatial targeting approaches for enhancing the 

precision and efficacy of antifungal treatment. We expect our findings will be broadly 

applicable to advancing nanozyme-based robotic assemblies for controllable catalytic 

reactions and precise delivery of reaction products from the scale of a single nanozyme to 

that of an assembled superstructure, which can be exploited for treatment of other microbial 

infections. Further in-depth analysis using in vivo and pre-clinical models could evaluate the 

clinical feasibility of this approach.

4. Experimental Section/Methods

Synthesis and Characterization of Iron Oxide Nanoparticles:

The iron oxide nanoparticles (IONPs) were synthesized by a modified solvothermal method 

via reducing FeCl3 at high temperature.[17,24] The reaction mixture was prepared by 

dissolving 975 mg of FeCl3 in 30 mL of ethylene glycol. 1.5 g of sodium acetate was 

added as a reductant and solvent. Before the heat treatment, the mixture was stirred for 30 

min for homogenization. Subsequently, the obtained homogeneous mixture was transferred 

to a custom-built 50 mL Teflon-lined stainless-steel autoclave and heated at 200 °C for 14 

h. The final products were washed 3 times with Milli-Q water (MilliporeSigma, Burlington, 

MA, USA) and ethanol. Transmission electron microscopy (TEM) photographs were taken 

using a FEI Tecnai T12 microscope (FEI, Hillsboro, OR) at an accelerating voltage of 100 

kV. The final concentration of IONPs was determined by inductively coupled plasma-optical 

emission spectrometry (ICP-OES) using a Spectro Genesis ICP (SPECTRO Analytical 

Instruments GmbH, Boschstr, Germany). ICP-OES was calibrated with calibration standards 

containing known amounts of elements. The diameters of ions are measured using the 

“imfindcircles” function in MATLAB, which detects circles of a consistent size. The average 

diameter is found to be 307.8 nm, with a standard deviation of 79.0 nm. We used this 

nanoparticle size because our preliminary antifungal activity analysis showed that 300 nm 

IONPs were capable of C. albicans eradication compared to 200 or 500 nm nanoparticles 

(Figure S15, Supplemental data).

Magnetic Field Control Device:

The magnetic fields for the nanozyme microrobots were generated by two electromagnets 

coaxially assembled at a distance of 8 mm. Each electromagnet was independently energized 

using a programmable DC power supply (Sorensen XTR60-14, AMETEK Programmable 

Power, San Diego, USA). An iron core (2 mm in diameter) was mounted on a servo motor 

to generate the high-gradient magnetic fields at a focused area. The position of the iron core 

is controlled using a micro servo motor. Between the two electromagnets, a slidable chamber 

(15 × 7.3 × 19 mm3) was designed to accommodate the IONP dispersion and the position 

of the chamber was controlled by another servo motor. The electromagnets and servo motors 

were controlled and harmonized by a microcontroller (Arduino Nano, Arduino, Somerville, 
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MA, USA). The Arduino integrated development environment software was used for system 

coding.

To control the motion of nanozyme microrobots, the micro servo motor connected to the 

iron core was programmed to move between 65° and 115°, which created an up-and-down 

arc-shaped iron core movement to control the z-coordinate of the nanozyme microrobot. The 

second micro servo motor (FS90) was used and programmed to control x-axis coordinates 

with a pinion gear (5 mm radius) attached to the rack of the slidable container for left-to-

right motion. A combination of the micro servo motors with the arm and pinion gear allowed 

high spatial precision (0.087 mm of x-axis, ~0.244 mm of y-axis) and repeatability in 

position and timing with linear velocities ranging from 0 to 12 mm s−1. Actuation in all 

experiments was performed via the application of a magnetic field and servo programmed 

to achieve the desired motion pattern. The geometries of the slidable container and the body 

of the device were developed and designed with Onshape, a computer-aided design software 

(Onshape Inc., Cambridge, USA). The slidable container and the body of the device were 

fabricated using a low-force stereolithography (SLA) 3D printer (Form 3B, Formlabs Inc., 

MA, USA) with a biocompatible resin (Surgical Guide). 3D printed parts were rinsed for 20 

min in 99.9% isopropanol and then photopolymerized for 30 min under ultraviolet light (405 

nm light at 70 °C) (FormCure, Formlabs Inc., MA, USA).

Dynamic motions of Nanozyme Microrobots:

We created four distinct nanozyme microrobot motions: rolling, vibrating, gliding and 

dabbing, named based on the observed dynamics of the nanozyme superstructures. For each 

motion, nanozymes were first collected from the solution to the wall of the chamber by 

applying current to the electromagnet-1 for 1.2 s (50 mT, at the center of the chamber). To 

generate the rolling motion, a side-to-side motion was activated by moving the iron core (on 

the same side of the electromagnet-1) with the servo motor while maintaining the current at 

a constant value.

The vibrating motion was activated by applying an oscillating field to the electromagnet-2 

after the nanozyme collection step. The static field (50 mT, at the center of the container) 

from the electromagnet-1 was switched off while an oscillating sine wave (varying from 0 

to 16 Hz) was generated by electromagnet-2 to produce the vibrating motion. The strength 

of the magnetic fields was measured to be 12 to 20 mT, at the center of the container. 

For the gliding motion, the electromagnet-2 was energized by a constant current to reshape 

the magnetic field such that the nanozyme superstructure was forced to extend along the 

central axis of the electromagnets. The strength of the magnetic field was measured to be 

50 mT at the center of the container. This extended structure was translated from side-to-

side with a servo motor. The velocity of the side-to-side motion varied by controlling the 

angular velocity of the servo motor. To create the dabbing motion, two servo motors were 

used to reposition the iron core to the targeted position while maintaining a static current. 

This positioning step was followed by applying a constant bias field with a superimposed 

sinusoidal field (15 Hz) to the electromagnet-2. This enables smooth extension of the 

superstructure. The strength of the magnetic fields was measured to be 10 to 18 mT, at 
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the center of the container. Once the nanozymes were delivered to the targeted tissue or 

substrate, the electromagnet-2 was de-energized such that the superstructure fully retracted.

Catalytic Properties of Nanozyme Microrobots:

To measure the catalytic properties of nanozyme microrobots, 952.2 μL of 0.1 M sodium 

acetate (NaAc) buffer (pH 4.5) was added into the actuation chamber followed by 4 μL of 

TMB (25 mg mL−1 in dimethylformamide) to reach a final concentration of 0.1 mg mL−1. 

Then, 40 μL of dispersed IONPs was added into the chamber at a final concentration of 1 mg 

mL−1. Immediately before starting the motions (i.e., rolling, vibrating, or gliding), 3.4 μL of 

H2O2 (30%, v/v) was added into the mixture (final concentration: 0.1%). At 30, 60, 90 and 

120 s, the mixture was transferred to a cuvette and the absorbance at 652 nm was measured 

using a spectrophotometer (Beckman Coulter, Inc., Fullerton, CA, USA).

C. albicans Biofilm on Model Surfaces and Non-Surface Attached Fungal Aggregates:

Individual 3D-printed acrylic sheets were created as model surfaces with dimensions of 18.0 

× 18.0 × 0.4 mm3. 3D printing was done using a low-force stereolithography (SLA) 3D 

printer (Form 3B, Formlabs Inc., MA, USA) with a biocompatible Surgical Guide resin. 3D 

printed parts were rinsed for 20 min in 99.9% isopropanol and then photopolymerized for 30 

min under ultraviolet light (405 nm light at 70 °C) (FormCure, Formlabs Inc., MA, USA). 

The 3D-printed surfaces were sterilized in an autoclave for 15 min at 121 °C, and then 

coated with filter-sterilized, clarified whole human saliva, which was designed to mimic the 

denture (abiotic) surface in the oral cavity. C. albicans SN250, a biofilm-forming strain, was 

grown in ultrafiltered (10-kDa cutoff; Millipore, MA, USA) tryptone-yeast extract (UFTYE, 

pH 5.5) broth containing 1% (w/v) glucose at 37 °C and 5% CO2 to mid-exponential 

phase (6 h) following the protocol described previously.[38] The saliva-coated 3D-printed 

surfaces were inoculated with ~105 CFU of actively growing C. albicans cells (yeast form, 

mid-exponential phase) per milliliter in UFTYE (pH 7.0) containing 1% (w/v) sucrose at 37 

°C with 5% CO2 for 12 h. Non-surface attached aggregates of C. albicans were prepared 

following established protocols.[39] Briefly, planktonic C. albicans cells (105 CFU mL−1, 

yeast form, mid-exponential phase) were resuspended in filter-sterilized, clarified whole 

human saliva supplemented with 1% (w/v) sucrose and were incubated at 37 °C for 60 

min to form fungal aggregates. C. albicans was stained with concanavalin A (ConA) lectin 

conjugated with tetramethylrhodamine (555/580 nm; Molecular Probes Inc., Eugene, OR, 

USA).

Planktonic Fungal Killing by Nanozyme Microrobots:

C. albicans SN250 was grown to mid-exponential phase (yeast form, 6 h) in UFYTE (pH 

7.0) broth with 1% (wt/vol) glucose as described above. C. albicans cells (yeast and hyphal 

forms) were harvested by centrifugation (6,000 g, 10 min, 4 °C) as described previously[40] 

and resuspended in 0.1 M NaAC (pH 4.5). IONPs (1 mg mL−1) were premixed with 0.5% or 

1% H2O2 for 10 s for catalytic activation and transferred into the actuation chamber. Then, 

100 μL of C. albicans cell suspension was added into the chamber and the IONPs were 

actuated by the magnetic field to generate rolling motion. The treatments were performed 

with 0.5% H2O2 (for 5 and 10 min), and in the presence of 1% H2O2 (for 2 and 5 min). 

After the treatment, the C. albicans cells were serial diluted and the number of viable cells 
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(CFU, colony forming unit) was determined. The detection limit is the minimal number of 

viable counts that can be reliably quantified via the CFU assay.[41]

Non-Contact Convection-Based Fungal Biofilm Killing:

IONP nanozymes were pre-mixed with H2O2 for catalytic activation as described above. 

The IONP- H2O2 mixture (final concentration of H2O2: 0.5%) was transferred into the 

actuation chamber. Then, C. albicans biofilm preformed on a 3D-printed substrate was 

inserted into the chamber and positioned at 2, 3 or 4 mm away from the side wall of 

the chamber where the nanozyme assembly was formed. The nanozyme microrobot was 

actuated by the magnetic field to generate rolling motions. After the 5-min treatment, C. 
albicans biofilms were harvested from the 3D-printed substrate by sonication. Samples were 

then homogenized, serially diluted and plated on Sabouraud dextrose agar to determine the 

number of viable cells (CFU, colony forming unit).[41]

Fungal Biofilm killing by Nanozyme Painting:

IONP nanozymes were pre-mixed with H2O2 and transferred to the actuation chamber. Next, 

C. albicans biofilm preformed on a 3D-printed substrate was inserted into the chamber. The 

IONP microrobot was rolled over the biofilm once in less than 10 s by the magnetic field to 

avoid physical removal of biofilm by the nanozyme microrobot. After painting, C. albicans 
biofilm was incubated to reach a total treatment time of 2 or 5 min in the presence of 

1% H2O2. Only the painted areas of C. albicans biofilms were collected from 3D-printed 

substrates using sterilized dental mini-spatulas under a stereo zoom microscope (Carl Zeiss 

Microscopy GmbH, Jena, Germany), and then serially diluted for CFU counting.[41]

Fungal Biofilm killing by Nanozyme Dabbing:

IONP nanozymes were pre-mixed with H2O2 and were transferred to the actuation chamber. 

Preformed C. albicans biofilm on 3D-printed surfaces was inserted into the chamber (8 mm 

away from the side of the chamber where the nanozyme microrobot was formed). Biofilms 

were treated with dabbing motions in less than 20 s to form a localized treatment area. 

Dabbed spots were incubated in the presence of 1% H2O2 for 2 or 5 min. Only the biofilm 

within the dabbed areas was collected using sterilized dental mini-spatulas under a stereo 

zoom microscope system and serially diluted for CFU counting.[41]

Culture of Human Gingival Cells Spheroids and Explant Mucosal Tissue:

Human gingival tissue-derived mesenchymal stem cells (GMSCs) were isolated from 

deidentified gingival tissues obtained during third molar (wisdom tooth) extraction at the 

University of Pennsylvania under the approved Institutional Review Board (IRB) protocol 

(IRB#816238).[42,43] GMSCs were expanded up to passage five in Minimum Essential 

Medium Alpha (MEM α) media (containing 15% FBS, 2 mM L-glutamine, 100 μM 

ascorbic acid, 100 U mL−1 penicillin, and 100 μg mL−1 streptomycin) before being used 

in the experiments as described previously.[44] Cells were seeded at a density of 106 mL−1 

in ultra-low attachment tubes and grown for 3 days in a humidified tissue culture incubator 

(37 °C, 5% CO2) to form 3D spheroid. To model a localized C. albicans infection on the 

oral mucosal tissue, a primary whole-organ explant culture of murine oral mucosa was used 
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as described previously.[45] Briefly, mucosal tissue (4 mm × 2 mm) was harvested from the 

palate of C57BL/6 mice and cultivated in MEM α media (15% FBS, 2 mM L-glutamine, 

100 μM ascorbic acid, 100 U mL−1 penicillin, and 100 μg mL−1 streptomycin) at 37 °C with 

5% CO2 for 24 h. The explant cultures were then used to create focal C. albicans infection as 

detailed in the section “Focal Candida Infection on Explant Mucosal Tissue Culture”.

Precise Fungal Capturing and Killing by Nanozyme Microrobots:

To test the precise fungal capturing and killing by nanozyme microrobots, a custom-built 

dual chamber device and an in vivo host-fungal (human gingival cells and C. albicans) 

model was developed (diagram in Figure 6A). The 3D-printed device has two chambers 

(10 mm in diameter, 5-mm deep) connected by a canal (3.5-mm wide, 60-mm long) 

with a gate on each side. A 3D human gingival spheroid (~106 cells) and C. albicans 
aggregates (~104 CFU) were inoculated and premixed in the first chamber to mimic the oral 

environment where the host cells and fungal pathogens co-exist. Nanozyme microrobots 

were magnetically actuated by a neodymium magnet to precisely capture the fungal 

cells. Then, the captured fungal cells were separated from the mixture by the nanozyme 

microrobots and transported through the canal to the second chamber (containing 1% H2O2), 

which served as a catalytic “killing pool” via H2O2 activation. After killing for 10 min, the 

fungal aggregates were collected and serial diluted to determine the number of viable cells 

(CFU).[41]

Focal Candida Infection on Explant Mucosal Tissue Culture:

A primary explant culture of murine oral mucosa was used to create a focal Candida 
infection that mimics localized infection of the oral cavity by C. albicans. The tissue 

preparation procedure was conducted under the University of Pennsylvania’s Institutional 

Animal Care and Use Committee (IACUC) protocol (IACUC#806682). To establish a 

localized C. albicans infection on tissue specimens, we used hydroxyapatite beads (80-μm 

particle size, Bio-Rad Laboratories, USA) as micro-carriers for fungal cells, which allowed 

inoculating fungal cell onto the mucosal tissue with microscale precision. Briefly, saliva-

coated hydroxyapatite beads (sHA) were pre-incubated with ~106 CFU mL−1 C. albicans 
(yeast form) in adsorption buffer (50 mM KCl, 1.0 mM KPO4, 1.0 mM CaCl2, 0.1 mM 

MgCl2, pH 6.5) for 60 min to allow binding of fungal cells. The beads were washed three 

times with adsorption buffer to remove unbound fungal cells. Then, the beads were carefully 

delivered to a predefined site on the mucosal tissue using a microinjection pipette tip under a 

microscope (Zeiss Axio Zoom V16). Approximately 20 beads were deposited on each tissue 

specimen. After the inoculation, tissues were incubated in fresh MSC medium at 37 °C with 

5% CO2 for 12 h to establish a focal Candida infection. For histological analysis, the tissue 

samples were collected after treatment and fixed in 4% paraformaldehyde (PFA), followed 

by embedding in OCT compound (Sakura Finetek, Torrance, CA, USA). Frozen sections 

were prepared and slides were stained with H&E staining.

Qualitative and quantitative imaging analysis:

Brightfield and fluorescence images were taken with a Zeiss Axio Zoom.V16 upright 

stereo zoom microscope system (Carl Zeiss Microscopy GmbH, Jena, Germany) with 

1× objective (numerical aperture, 0.25). For fluorescence imaging, Samples were stained 
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with Concanavalin A-tetramethylrhodamine conjugate (Molecular Probes) to visualize C. 
albicans cells as described previously.[38] Additionally, high-resolution confocal microscopy 

was performed using a Zeiss LSM 800 upright confocal microscope (Zeiss, Germany) 

equipped with a 40 × water immersion objective (numerical aperture = 1.2) and a 10 

× objective (numerical aperture = 0.7). Computational image processing and quantitative 

analysis were conducted as described previously.[39] Briefly, fluorescence images were 

imported using ImageJ Fiji software (https://imagej.net/software/fiji/). After denoising, 

images were segmented based on the fluorescent intensity using the Otsu algorithm and 

a particle size-based filtering was applied to only include C. albicans aggregates in the 

images. Regions of interest were created for each C. albicans aggregate and the total 

surface area (in μm2) was calculated. The Removal Index (RI) was calculated to evaluate 

the effectiveness of C. albicans removal by nanozyme microrobots, which is defined as 

RI = surface area after treatment
surface area before treatment . Data were presented as not detectable when <2% of 

fungal cells were detected after the treatment.

Statistical Analysis:

Statistical analyses were performed with GraphPad Prism 8.0 (GraphPad Software, CA). 

Data are represented as mean ± standard deviation. Two-sided Student’s t-test was used to 

compare mean between two experimental groups. Comparisons of mean between multiple 

groups were performed using a two-sided one-way analysis of variance (ANOVA) with 

post hoc Tukey’s test. A P value less than 0.05 was considered significant. At least three 

independent experiments were performed unless otherwise stated.
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Figure 1. Assembly, control, and functional properties of robotic nanozyme assemblies and their 
mode of action.
(A) On-site assembly of individual nanozymes into catalytically active superstructures. 

The motion dynamics, morphology, and the location of catalysis of the structured 

assemblies can be controlled creating nanozyme microrobots for targeting fungal infection. 

(B) Electromagnet cores guide the nanozyme microrobot assemblies with controllable 

morphology, position, and motion using programmed algorithms. (C) Programmable 

dynamic motions via magnetic field modulation enable controlled catalytic activities and 

targeted treatment.
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Figure 2. Catalytic properties of the nanozyme microrobots.
(A) Catalytic activity in situ generated by motion dynamics. The TMB assay demonstrates 

the generation of ROS on-site from H2O2 by the catalytically active (peroxidase-like) 

nanozyme microrobots. (B) The location of the catalysis is controlled by the shape and 

motion of the nanozyme assemblies. (1 mg mL−1 IONPs). Catalytic activity dynamics of (C) 

rolling, (D) vibrating, and (E) gliding motions. (F) Velocity dependent catalysis of rolling. 

(G) Frequency dependent catalysis of vibrating. (H) Velocity dependent catalysis of gliding. 

The rolling motion shows efficient catalytic activity. Data are mean ± standard deviation 

(n=3).
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Figure 3. Fungal killing and binding by nanozymes.
(A) Experimental design for killing planktonic fungal cells (left) and biofilms (right) using 

convective mixing. The rolling nanozyme microrobots create convective ROS mixing and 

dispersion against planktonic cells or biofilm surfaces at fixed distances. (B) Cell viability 

counts show killing of planktonic cells and biofilms of C. albicans at specific distances (2, 

3 and 4 mm from the outer surface of the nanozyme microrobot) via catalytic activation 

of 0.5% H2O2. (C) Confocal images and SEM micrographs demonstrate the binding of 

nanozymes on C. albicans cells. Data are mean ± standard deviation; * P < 0.05, ** P< 

0.01, *** P < 0.001 by one-way analysis of variance with Tukey’s multiple-comparison test 

(n=12), and n.d. stands for not detectable.
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Figure 4. Precision-guided delivery of nanozyme for site-specific catalytic killing of fungal 
biofilms.
(A) Experimental design for precise delivery of nanozymes to fungal biofilms using a 

‘painting nanozyme microrobot’. (B) Experimental design for targeting specific areas with 

submillimeter precision using a ‘dabbing nanozyme microrobot’. (C) Cell viability counts 

show eradication of C. albicans cells within painted areas by the painting microrobot. (D) 

Cell viability counts show complete killing of C. albicans cells within dabbed areas by the 

dabbing microrobot. (E) Coating efficiency of dispersed IONP treatment and IONP dabbing. 

Bright field microscopy (upper, scale bar: 500 μm) and confocal microscopy images (lower, 
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scale bar:100 μm) show clear differences in IONP coating density on C. albicans biofilms. 

IONP dabbing delivers a greater amount of IONPs to the target area than dispersed IONP 

treatment. Hyphae of C. albicans are heavily coated with IONPs (red arrows). (F) Cell 

viability counts show limited killing of C. albicans cells by dispersed IONP treatment. Data 

are mean ± standard deviation; ** P< 0.01, *** P < 0.001 by one-way analysis of variance 

with Tukey’s multiple-comparison test (n=12 for panel C, n=8 for panel D and n=8 for panel 

F), and n.d. stands for not detectable.
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Figure 5. Precision capturing and killing of fungal aggregates using nanozyme-microrobotics 
strategy.
(A) A schematic of the experimental platform for testing C. albicans capture and killing in 

the presence of cell spheroid using nanozyme microrobots. (B) Fungal binding, dragging, 

and engulfing by the nanozyme microrobot. Close-up images show the fungal aggregates 

marked by green lines. (C) Before and after fluorescence imaging shows fungal aggregates 

effectively removed without binding or disturbing the cell spheroid by a magnetically 

controlled nanozyme microrobot. (D) Quantitative image analyses show complete removal 

of fungal aggregates. (E) Cell viability counts show eradication of the targeted and captured 
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fungal aggregates via catalytic activation of H2O2. Data are mean ± standard deviation; *** 

P < 0.001 by Student’s t-test (n=4), and n.d. stands for not detectable.
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Figure 6. Precision programming and automation for the dabbing nanozyme microrobot.
(A) The shape of the dabbing superstructure extending and tapping the targeted surface 

as visualized via a stereoscope. (B) Controllable dabbing and precision targeting provide 

localized delivery of tunable amounts of nanozyme. C. albicans coated with nanozymes on 

the targeted area (right image). (C) The area of biofilm coated with nanozymes depends 

on the IONP concentration. (D) Targeting location is determined by converting servo motor 

rotation positions to x-z coordinates. (E) A nanozyme dabbing test array aids fine-tuning of 

the positioning accuracy.
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Figure 7. Precision targeting and antifungal killing on murine mucosa using dabbing nanozyme-
microrobots.
(A) Explant of murine oral mucosal tissue harvested from the palate. (B) Focal C. albicans 
infection developed on the oral mucosa characterized by localized hyphal accumulation. 

(C) A schematic diagram of the coordinate extraction and precision-guided treatment using 

the dabbing nanozyme microrobot. (D) Bright field images showing sequential nanozyme 

dabbing. (E) Fluorescence imaging shows high spatial precision for targeting the site of 

fungal infection. (F) Cell viability counts show effective killing of targeted fungal cells on 

mucosa via catalytic activation of H2O2 on site. Data are mean ± standard deviation; ** P< 

0.01, *** P < 0.001 by one-way analysis of variance with Tukey’s multiple-comparison test 

(n=8), and n.d. stands for not detectable.
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