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EXPERIMENTAL METHOD
Determination of . The effective diffusion coefficient is a physical parameter used to characterize the motility of particles or objects. In 2010, the Muddana group (1) observed that urease exhibits enhanced diffusion in substrate solutions. Subsequently, researchers designated enzyme molecules that display enhanced diffusion in substrate solutions as enzyme molecular motors, and elucidated the underlying mechanism of this phenomenon as the “enhanced diffusion mechanism”. Among these, the diffusion coefficient D can be employed to quantify the enhancement in the self-propelled behavior of enzyme molecular motors. The diffusion coefficient D of passively diffusing particles is calculated using the Stokes–Einstein equation:




In equation (1.1), KB denotes the Boltzmann constant, T represents the thermodynamic temperature, ŋ stands for the fluid viscosity; and r is the hydrated radius of the particle. A strong correlation exists between the diffusion coefficient and the substrate concentration. A higher diffusion coefficient corresponds to a higher substrate concentration, which in turn gives rise to a greater extent of diffusion for the enzyme molecules. This enhancement in diffusion leads to the migration of the “center of mass” of enzyme molecules toward regions with a higher substrate concentration. Subsequently, this theory was not only confined to explaining phenomena associated with enzyme molecules but also extensively applied to interpreting the chemotactic behavior of non-enzymatic synthetic systems (2). In the study by Howse et al. (3), the



velocity and diffusion coefficient D of nanomotors were acquired by tracking multiple particles and calculating the mean squared displacement (MSD). They were able to distinctly observe the motion of the microparticles, which conforms to equation (1.2):

Here, D denotes the diffusion coefficient, t represents time,  is the velocity, and stands for the inverse rotational diffusion coefficient. In the short-time regime (), studies have demonstrated that microparticles exhibit directed motion along a ballistic trajectory in a single direction, which conforms to a modified form of equation (1.2):

In the long-time regime (), the motion of particles transitions from ballistic to diffusive, with a concomitant increase in the diffusion coefficient. At this time scale, the motion is better described by another modified form of equation (1.2):

Only through such calculations can the nature of the motion of microparticles (whether it corresponds to ballistic motion or diffusive motion at the nanoscale) be determined. The term (​) in Equation (1.4) is defined as 4​, from which the explicit expression for the effective diffusion coefficient ​ is derived as follows:

enables a more straightforward comparison of the diffusion coefficients among various microparticles. Inspired by this, we hypothesize that the motion mechanism of the as-designed PMA nanomotors is analogous to the “enhanced diffusion mechanism”, which was verified by calculating and analyzing ​. Studies have demonstrated that multiple approaches are available for measuring the diffusion coefficient of microparticles (3, 4). In this study, a fluorescence microscope was employed to record the motion trajectories of fluorescently labeled particles, and the of the nanoparticles was subsequently determined via first-order linear fitting.
[bookmark: OLE_LINK40]Simulation model and methods
Detailed information regarding the particle‑based hybrid Molecular Dynamics‑Multi‑Particle Collision (MD‑MPC) simulations employed in this study is provided below: The active colloid was modeled as a spherical particle with an effective radius =6.0. It was constructed as an assembled structure composed of =100 surface coarse‑grained beads and =100 internal particles. The surface beads were uniformly distributed on a three‑dimensional spherical surface with radius =4.0, while the internal particles were positioned inside the sphere, as illustrated in Figure S33. Each surface bead has a radius =2.0 and a mass of =45.0, whereas each internal particle was modeled as a point with a mass of =45.5. The surface beads represent the M‑Arg (substrate cluster) functionalization sites on the PMA nanomotor surface, serving as enzyme‑substrate catalytic interaction interfaces with iNOS. All beads and internal particles were interconnected via stiff harmonic bonds with a bond constant =300 ensuring structural integrity of the spherical assembly throughout the simulation. Meanwhile, the colloid as a whole was allowed to undergo stable translational and rotational motion. The colloid was placed in a three‑dimensional rectangular simulation box with dimensions =45 and ==30. Periodic boundary conditions are applied along the y and z directions, while non‑periodic boundary conditions are adopted along the x direction.
[bookmark: OLE_LINK14][bookmark: OLE_LINK15]All fluid particles in the simulation system are modeled as point particles with a mass of =1.0 (Figure S34). The initial simulation system comprises five distinct particle species: iNOS, NADPH, solvent (S), positively charged ions (Ip+), and negatively charged ions (In-). The charge state of each species is defined as follows: iNOS and solvent (S) are electrically neutral, NADPH carries a charge of −4, Ip+ carries a charge of +4 and In- carries a charge of −4. Here, Ip+ and In- represent coarse-grained ionic species, which correspond to all other positively and negatively charged ions present in the solution (e.g., H⁺), respectively.
To mimic the experimental detail in which an agarose gel containing MCF-7 lysate is positioned on the right side of the channel, gradients of catalytically relevant enzyme species were imposed along the non-periodic x direction. In particular, both iNOS and NADPH were assumed to diffuse from the gel source, resulting in spatially varying concentrations across the channel. Accordingly, in the simulation, NADPH was initialized with a linear concentration gradient, NADPH=0.0444, along the x direction, increasing from NADPH,1=0 to NADPH,r=2 (per unit volume) from left to right. To compensate for this effect and ensure a uniform negative charge background, an oppositely directed gradient of negatively charged ions In- with In-=−0.0444 was introduced, decreasing from In-,1=2 to In-,r=0 along the same direction. This counter-gradient guarantees that the total negative charge density remains spatially homogeneous throughout the simulation system. To further maintain global electroneutrality, positively charged ions Ip+ were distributed uniformly across the system at a constant number density of Ip+=2 (per unit volume). No concentration gradient was applied to the Ip+ species. In addition to NADPH, iNOS was also initialized with a linear concentration gradient, iNOS=iNOS /Lx, along the x direction, increasing from iNOS,l=0 to iNOS,r=iNOS, which represents their release from the agarose gel source. To preserve a uniform total particle density and avoid spurious density-driven flow, S was assigned a compensating counter-gradient, S=-iNOS /Lx, decreasing from S,1=6 to S,r=6−iNOS. As a result, the total particle number density was maintained at a constant value of =10 per volume at all spatial locations, while both charge density and mass density remained homogeneous across the system. In the simulations, iNOS =0.1, 0.5, 1.0, 1.5 was employed to investigate the chemotactic behavior of the nanomotors under different iNOS gradient fields. Figure S34 schematically depicts the concentration gradients of all particle species described above, together with the complete simulation setup.
Experimentally, L-Arg molecules immobilized on the colloid surface are catalyzed by iNOS, consuming the cofactor NADPH and producing L-citrulline while converting NADPH into NADP+. To capture the essential features of this enzymatic process within a coarse-grained framework, a reaction event is triggered in the simulation when an iNOS particle enters a predefined reaction distance d from a surface bead on the colloid. If NADPH particles are simultaneously present within the same reaction neighborhood, a catalytic reaction is allowed to proceed. Once the reaction occurs, one NADPH particle is randomly selected from those within the neighborhood and converted to the product NADP⁺, thereby implementing the reaction step NADPH→NADP⁺. To maintain the system in a nonequilibrium state, analogous to many biological systems, a boundary-driven conversion protocol was employed to continuously remove reaction products and replenishes reactants while preserving the prescribed concentration gradients. Specifically, to mimic product clearance and cofactor recycling, the NADP+ particle that diffuses beyond a cutoff distance h from the colloid is converted back to NADPH, providing an effective negative feedback mechanism that prevents product accumulation near the catalytic surface and sustains cofactor availability, as shown in Figure S35a.
Second, to maintain stable macroscopic gradients along the non-periodic x-direction, particle exchange at the boundaries was enforced using local conversion rules within boundary regions of thickness ∆x adjacent to the left and right boundaries. These paired conversions conserve the total particle number and preserve local density. For species with a left-to-right increasing gradient, e.g., iNOS and NADPH, whenever an iNOS (or NADPH) particle enters the left boundary region (0≤x≤∆x), it is converted into a solvent particle S. Simultaneously, one solvent particle S randomly selected from the right boundary region (Lx−∆x≤x≤Lx) is converted into iNOS (or NADPH), respectively. Conversely, for In-, which follows a right-to-left gradient opposite to that of NADPH, the boundary rule was applied in the reverse direction: when an In- particle enters the right boundary region (Lx −∆x≤x≤Lx) is converted into S, and concurrently one S particle randomly selected from the left boundary region (0≤x≤∆x) is converted into In⁻. A schematic summary of all conversion and feedback rules described above is provided in Figure S35b.
The translational and rotational motion of the colloid was explicitly resolved using MD simulations. Interactions between the colloid and fluid particles were modeled using effective pair potentials, determined by the charge state of the fluid particles. The colloid was assigned an effective net negative charge, consistent with experimental measurements showing a negative zeta potential for the PMA nanomotors (Figure S3c). For neutral fluid particles, the interaction with the colloid was described by a repulsive Weeks-Chandler-Andersen (WCA) potential:

where =. We set =0.1 in the simulations. Besides, for charged species, a Lennard-Jones (LJ) potential combined with a Yukawa (screened Coulomb) potential was adopted to describe the electrostatic interactions under ionic screening conditions in solution, which can be expressed as:

where =. For all charged species, the Lennard-Jones (LJ) energy parameter is uniformly fixed at =0.05. The cutoff distance is set to =5.0 to ensure that the reaction does not introduce any discontinuity into the colloid–fluid interaction potential or forces. Meanwhile, the conversion of NADPH to NADP+ was represented by a reduction in the effective charge from −4 to −3. Correspondingly, the interaction parameter A​ of the Yukawa potential is adjusted accordingly to reflect the change in electrostatic coupling strength before and after the reaction. For NADPH and In⁻, the interaction parameter is set as A​=4.0; for NADP⁺, the interaction parameter is set as A​​=2.0. In contrast, for the positively charged ions Ip⁺, the attractive electrostatic interaction between these ions and the negatively charged colloid is modeled by specifying a negative interaction parameter A​​​=−4.0.
To compare the chemotactic behavior of symmetric and asymmetric micromotors, we constructed asymmetric‑type colloidal sphere model under identical simulation environments and reaction rules. The asymmetric micromotor possesses the same geometric dimensions, mass distribution, interaction parameters, reaction criteria, and boundary‑driven mechanisms as the symmetric micromotor. The only difference lies in the spatial distribution of surface catalytic active sites: surface beads located within one hemispherical region (defined as the side toward which the normal vector n points) are designated as catalytically active sites and can participate in the iNOS‑NADPH catalytic reaction process, whereas the surface beads in the opposite hemisphere region are set as inert and do not participate in any catalytic reactions. This construction ensures that the difference in chemotactic behavior arises solely from the spatially asymmetric distribution of catalytic activity.
Meanwhile, the surrounding fluid particles are evolved using the MPC dynamics method, which is coupled with the MD motion of the colloid. This method advances the time evolution of the system by alternating streaming steps and collision steps. In the streaming step, for each time step , fluid particles that are not interacting with the colloid update their positions according to classical Newtonian motion:

For fluid particles within the interaction potential range of the colloid, their motion is updated using the Velocity-verlet algorithm based on the forces. In the collision step, fluid particles are splited into cubic collision cells with a side length a=1.0 according to their instantaneous positions. Within each collision cell, the velocities of all fluid particles are updated collectively around the center-of-mass velocity of the cell. Specifically, the center-of-mass velocity of the cell  is first calculated as:

Where  is the instantaneous number of fluid particle in the cell . Then relative velocity between each fluid particle i and the center-of-mass velocity is calculated as:



Subsequently, a unit vector  is randomly selected, and the relative velocity  is rotated counterclockwise by an angle . The rotated velocity of each fluid particle i is then expressed as:

Where  denotes the rotation operator associated with cell . This rule ensures the conservation of both energy and momentum. To guarantee Galilean invariance, the collision cell grid is randomly shifted by a value within the range [−a/2, a/2] before each collision step. During the time evolution of the coupled MD-MPC dynamics, one MPC collision is performed after every N step of MD integration steps. Within each MD step, the interaction forces between the colloid and fluid particles are fully evaluated, and the positions and velocities of both the colloid and fluid particles are updated accordingly. A catalytic reaction and energy injection are performed if the reaction criteria are satisfied. This hybrid MD-MPC scheme explicitly incorporates a large number of fluid particles and ensures the local conservation of mass, energy, and momentum. It is therefore suitable for describing complex fluids, enabling the accurate description of hydrodynamic behaviors, heat conduction, mass transport, thermal fluctuations, and catalytic reactions in our system. It provides an efficient description for capturing mesoscale hydrodynamic behavior while preserving the fundamental conservation laws of fluids.
Reduced units are adopted in our simulations. The units in the simulation are based on the length of a collision cell a, the mass of fliud particle m and the energy . The reduced unit of time is . Temperature was reported in reduced form as T/. The system temperature was set to T=2/3. The total mass of the colloid was given by . Besides, the colloid mass was also chosen to satisfy the neutral buoyancy condition, such that the effective colloid mass equals the mass of the displaced fluid, , where =10 is the uniform total fluid number density. The dynamics of colloid was integrated using the Velocity-verlet algorithm with a time step =0.01. For MPC dynamics, the collision interval was defined as N=15, indicating that collision steps were implemented at a fixed interval of =0.15. The rotation angle was fixed at =/2, the reaction distance at d=21/6, and the critical distance for negative feedback at h=5.0. The solution viscosity was =3.759, the Schmidt number Sc=4.822, and the Reynolds number Re=0.024, under which the simulation method exhibited liquid-like dynamic characteristics (5, 6). To generate a steady initial concentration gradient and equilibrated flow field, simulations were first performed with the chemical reactions switched off and the colloid position fixed at its initial position x=10 along the non-periodic direction. This equilibration was carried out for 1.0×105 simulation steps. After this initialization, the positional constrain on the colloid was released, chemical reaction was activated, and the colloid was allowed to undergo chemotactic motion along the x direction. Each production run was continued for a total of 1.5×106 simulations steps. All results were statistically averaged over 20 independent simulation trajectories for each system.
To simulate the exothermic effects of the catalytic reaction, a small kinetic energy increment  is assigned to the product particle NADP⁺ upon each reaction event of NADPH→NADP⁺. The exothermic behavior of PMA nanoparticles in MCF-7 lysate (1 mg mL-1) was quantitatively characterized using ITC, and an instantaneous heat flow peak of 1.1 μJ s-1 was recorded experimentally (Figure 5a). On the basis of the pronounced enthalpy change (ΔH=−1.5 kJ (mg·10⁵ cells)-1) derived from the thermodynamic parameter table (Table S2) and the physical parameters of the nanoparticles, the steady-state exothermic rate of a single particle was determined to be 2.8×10⁻¹⁴ J s-1. In the numerical model, taking into account the system temperature (T=2/3) and the collision frequency (number of reaction events) between iNOS and the colloid (=6.0) within a unit time , the unit time scale was estimated as ≈10 . The dimensionless energy injection ≈0.3 (energy per collision) was adopted in the simulation, which was calibrated to reproduce the experimentally measured heat release rate.
The time and length scales in the simulations were obtained by calibration against the experimental system. For PMA nanomotors with a radius of approximately 100 nm in the experiments, corresponding to the effective size of the colloid =6.0 in the simulations, the unit length a=16 nm was derived. The time scale was calibrated based on the experimentally measured reaction exothermic power. As described above, the simulation time unit was estimated to be ≈10 . The chemotactic velocities of the simulated colloids were obtained by fitting x-t curves (Figure 5g–q) and the average velocity values are summarized in Figure 5n–p. In the experiments, a concentration gradient of iNOS was established within the channel by adding MCF-7 lysate into region (ii) of the straight single-channel model. Assuming a linear spatial distribution of iNOS along the channel according to its concentration and the channel length, the corresponding concentration gradient can be converted. Since both simulations and experiments exhibit an approximately linear dependence of chemotactic velocity on the iNOS gradient within the investigated range , correspondence between two systems was established via velocity matching (equivalent to gradient strength matching). A comparison of the results indicates that in the experiments, the iNOS concentration at the rightmost side was measured to be 6.93 μM at a cell lysate concentration of 105, with a chemotactic velocity of 1.672 μm s-1. This corresponds to the condition of ​=0.5 in the simulations, for which dimensionally converted chemotactic velocity (using the unit length a and time unit ) was 1.697 μm s-1. The chemotactic velocities obtained from the simulations and experiments are in good agreement.
[bookmark: OLE_LINK11]Figure S1-S45:
[image: ]
Figure S1. (a) Synthesis route of the M-Arg monomer. (b) ¹H NMR and (c) ¹³C NMR spectra of M-Arg in D₂O.
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Figure S2. Schematic illustration of the synthesis of PMA nanomotors.
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[bookmark: _Hlk216994034]Figure S3. (a) TEM image (Scale bar: 200 nm), (b) hydrodynamic size distribution and (c) zeta potential of PMA nanomotors.
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[bookmark: OLE_LINK99]Figure S4. (a) Synthesis route of the M-Lys monomer. (b) ¹H NMR and (c) ¹³C NMR spectra of M-Lys in D₂O.
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[bookmark: OLE_LINK33]Figure S5. Schematic illustration of the synthesis of PML nanoparticles.
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[bookmark: OLE_LINK100][bookmark: OLE_LINK7]Figure S6. (a) TEM image (Scale bar: 200 nm), (b) hydrodynamic size distribution and (c) zeta potential of PML nanoparticles.
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Figure S7. (a-c) TEM images (Scale bar: 200 nm), (d-f) hydrodynamic size distributions, (g) zeta potentials, (h) protein concentration standard curve and (i) enzyme loading efficiency of enzyme-loaded nanomotors (PML-CAT, PML-GOX, PML-urease).
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[bookmark: OLE_LINK38]Figure S8. MSD fitting curves for enzyme-loaded nanomotors (PML-CAT, PML-GOX, PML-urease) and substrate-type nanomotors in (a) HUVECs lysate and (b) MCF-7 lysate (cell density: 10⁶ cells mL⁻¹).
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Figure S9. for enzyme-loaded nanomotors and substrate-type nanomotors in (a) HUVECs lysate and (b) MCF-7 lysate (cell density: 10⁶ cells mL⁻¹). (I: PML-CAT, II: PML-GOx, III: PML-urease, IV: PMA nanomotors).
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Figure S10. (a) Zeta potential, (b, c) hydrodynamic size distributions and (d, e) TEM images (Scale bar: 500 nm) of A-MSN and A-MSN/CAT.
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[bookmark: OLE_LINK34][bookmark: OLE_LINK4][bookmark: OLE_LINK5]Figure S11. (a-d) Representative motion trajectories and (e) corresponding velocity histogram of A-MSN/CAT in H₂O₂ solutions with different concentrations.
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[bookmark: OLE_LINK1][bookmark: OLE_LINK6]Figure S12. (a-e) Representative motion trajectories and (f) corresponding velocity histogram of A-MSN/CAT in H₂O₂ solutions with different ionic strengths.
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[bookmark: OLE_LINK39]Figure S13. (a-e) Representative motion trajectories and (f) corresponding velocity histogram of PMA nanomotors in MCF-7 lysate with different ionic strengths (cell density: 10⁶ cells mL⁻¹).
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Figure S14. (a) TEM image (Scale bar: 200 nm), (b) hydrodynamic size distribution and (c) zeta potential of PML-HA nanoparticles.
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Figure S15. FT-IR spectra of (a) free HA and (b) PML-HA nanoparticles.
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Figure S16. (a–c) MSD fitting results and (d–f) equivalent diffusion coefficient results of PML, PML-HA and PMA nanomotors in different conditions (n=5) (I: HUVECs lysate, II: MCF-7 lysate + NOS inhibitor, III: MCF-7 lysate, cell density: 10⁶ cells mL⁻¹).
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Figure S17. (a) Fluorescence images and (b) quantitative results of PML in single-channels with different lengths (Scale bar: 50 μm) (cell density: 105 cells mL-1).
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[bookmark: OLE_LINK29]Figure S18. (a) Fluorescence images and (b) quantitative results of PML-HA in single-channels with different lengths (Scale bar: 50 μm) (cell density: 105 cells mL-1).
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Figure S19. (a) Fluorescence images and (b) quantitative results of PMA nanomotors in single-channels with different lengths (Scale bar: 50 μm) (cell density: 105 cells mL-1).
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Figure S20. Normalized motion trajectories of (a) PML, (b) PML-HA and (c) PMA nanomotors in different lysate environments within the single-channel model (n=5) (cell density: 105 cells mL-1).
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Figure S21. Schematic illustrations of Y-channel models with different main channel lengths (0.5/4.0 cm).
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[bookmark: OLE_LINK10]Figure S22. Chemotactic fluorescence images and corresponding fluorescence quantitation of PML, PML‑HA and PMA nanomotors in 0.5 cm‑long Y‑channel models under environments containing HUVECs lysate and MCF‑7 lysate (Scale bar: 50 μm, cell density: 106 cells mL-1).
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[bookmark: OLE_LINK9]Figure S23. Chemotactic fluorescence images and corresponding fluorescence quantitation of PML, PML‑HA and PMA nanomotors in 0.5 cm‑long Y‑channel models under environments containing MCF‑7 lysate with NOS inhibitor and MCF‑7 lysate (Scale bar: 50 μm, cell density: 106 cells mL-1).
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Figure S24. Chemotactic fluorescence images and corresponding fluorescence quantitation of PML, PML‑HA and PMA nanomotors in 4.0 cm‑long Y‑channel models under environments containing HUVECs lysate and MCF‑7 lysate (Scale bar: 50 μm, cell density: 106 cells mL-1).
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[bookmark: OLE_LINK12]Figure S25. Chemotactic fluorescence images and corresponding fluorescence quantitation of PML, PML‑HA and PMA nanomotors in 4.0 cm‑long Y‑channel models under environments containing MCF‑7 lysate with NOS inhibitor and MCF‑7 lysate (Scale bar: 50 μm, cell density: 106 cells mL-1).
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Figure S26. Schematic illustration of the Ψ-shaped microfluidic model.
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[bookmark: OLE_LINK8]Figure S27. (a–c) Fluorescence images and (d–f) corresponding quantitative fluorescence results of PML, PML-HA, and PMA nanomotors in the microfluidic device (Scale bar: 500 μm, ii: HUVECs lysate, iii: MCF-7 lysate, cells density: 10⁶ cells mL⁻¹).
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Figure S28. (a–c) Fluorescence images and (d–f) corresponding quantitative fluorescence results of PML, PML-HA, and PMA nanomotors in the microfluidic device (Scale bar: 500 μm, ii: MCF-7 lysate with NOS inhibitor, iii: MCF-7 lysate cell density: 10⁶ cells mL⁻¹).
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Figure S29. Normalized quantitative fluorescence images of PML-HA and PMA nanomotors at a depth of 120 μm from the spheroid surface after 12 h of co-incubation with 3D tumor spheroids.
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Figure S30. Tumor fluorescent section images at different time points (0.5, 3, 6 h) after peritumoral injection of PML-HA and PMA nanomotors in B16F10 tumor-bearing mice (the largest cross-section of the tumor was selected, scale bar: 2 mm).
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[bookmark: OLE_LINK2]Figure S31. (a) TEM image (Scale bar: 1 μm), (b) hydrodynamic size distributions and (c) zeta potential of PMA-NH2 nanomotors.
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[bookmark: _Hlk219979015]Figure S32. (a) Fluorescence images and (b) corresponding quantitative fluorescence intensity of PMA-NH₂ and PMA nanomotors at different time points (Scale bar: 50 μm, cell density: 10⁴ cells mL⁻¹).
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[bookmark: _Hlk219979037]Figure S33. Schematic representation of the active colloid model. The colloid is constructed as a spherical assembly consisting of =100 blue surface beads, uniformly distributed on a spherical surface of radius =4.0, together with =100 orange interior point-like beads placed inside the sphere to ensure mechanical stability. Each surface bead has a radius =2.0, such that the effective hydrodynamic radius of the colloid is =+=6.0.
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[bookmark: _Hlk219979069]Figure S34. Schematic illustration of the spatial distributions of all fluid species. Linear concentration gradients of iNOS and NADPH are imposed along the non-periodic x-direction to mimic diffusion from an agarose gel source. Compensating counter-gradients of S and In⁻ together with a uniform distribution of Ip⁺, ensure constant total number density and global electroneutrality. The bottom panel shows the merged system with the active colloid immersed in the gradient field. Periodic boundary conditions are applied in the y and z directions.
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[bookmark: _Hlk219979102]Figure S35. (a) Schematic illustration of the enzymatic reaction and feedback mechanism implemented in the simulation. A reaction event is triggered when an iNOS particle enters a predefined reaction distance d from a surface bead on the colloid and at least one NADPH particle is simultaneously present within the same distance. Upon reaction, one NADPH particle is selected and converted into NADP+. To prevent NADP+ accumulation and sustain cofactor availability, NADP+ particles diffusing beyond a cutoff distance h from the center of mass of colloid are converted back into NADPH, providing an effective negative feedback that maintains the system in a nonequilibrium state. (b) Schematic of the boundary-driven conversion protocol used to maintain stable macroscopic concentration gradients along the non-periodic x direction. Particle exchange is enforced within boundary regions of thickness ∆x adjacent to the left and right boundaries. For species with left-to-right increasing gradients (iNOS and NADPH), particles entering the left boundary region are converted into solvent S, while an equal number of S from the right boundary region are converted back into the corresponding species. For negatively charged ions In⁻, which follow an opposite gradient, the conversion rule is applied in reverse. Positively charged ions Ip+ are distributed uniformly.
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[bookmark: _Hlk219979173][bookmark: OLE_LINK117]Figure S36. (a) Chemotactic trajectories, (b) chemotactic velocity and (c) chemotactic speed in the x direction of PMA nanomotors in MCF-7 lysate at different concentrations. (I: 103 cells mL-1, II: 104 cells mL-1, III: 105 cells mL-1, IV: 106 cells mL-1, start recording from the middle position of the single-channel model).
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Figure S37. Relationship between the chemotactic speed of PMA nanomotors and iNOS concentration under different concentrations of MCF-7 cell lysate. The iNOS concentrations under different MCF-7 cell lysate conditions were extracted from the previous research (7). The straight lines represent fitted lines, indicating that the chemotactic speed of the nanomotors exhibits a linear relationship with the iNOS concentration.
[bookmark: _Hlk219979146][image: ]
Figure S38. Distribution of NADP⁺ (red signal) in non-thermogenic/thermogenic systems at different iNOS concentrations. (a) Initial state of the system. (b) System governed by the pure self-electrophoresis mechanism. (c) Self-electrophoresis system with enhanced thermal effect (t=1000).

[bookmark: OLE_LINK17]
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[bookmark: OLE_LINK18]Figure S39. (a) Zeta potential and (b) hydrodynamic size distribution profiles of different samples (I: PLGA, II: asymmetric micromotor, III: symmetric micromotor).
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[bookmark: OLE_LINK19]Figure S40. (a-c) TEM images and (b, d) SEM images of asymmetric micromotor and symmetric micromotor (Scale bar: 500 nm).
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Figure S41. Fluorescence co-localization image of (a) asymmetric micromotor and (b) symmetric micromotor (PMA labeled with Cy5, PLGA labeled with Cy3, scale bar: 5 μm).
[image: ]
[bookmark: OLE_LINK118]Figure S42. (a) Motion speed and (b) of different samples (I: asymmetric micromotor + HUVECs lysate, II: symmetric micromotor + HUVECs lysate, III: asymmetric micromotor +MCF-7 lysate, IV: symmetric micromotor + MCF-7 lysate). (cell density: 105 cells mL⁻¹).
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[bookmark: OLE_LINK42]Figure S43. (a, c) Representative fluorescence images and (b, d) normalized quantitative results of asymmetric micromotors and symmetric micromotors in HUVECs/MCF-7 lysate environment. (Scale bar: 50 μm, cell density: 105 cells mL⁻¹).
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[bookmark: OLE_LINK13]Figure S44. (a, b) Representative quantitative fluorescence images and (c, d) normalized quantitative results of asymmetric micromotors and symmetric micromotors in a dynamic microfluidic under environments containing HUVECs lysate and MCF‑7 lysate (Scale bar: 200 μm, cell density: 105 cells mL⁻¹).
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Figure S45. (a, b) Representative quantitative fluorescence images and (c, d) normalized quantitative results of asymmetric micromotors and symmetric micromotors in a dynamic microfluidic under environments containing HUVECs lysate and MCF‑7 lysate with NOS inhibitor (Scale bar: 200 μm, cell density: 105 cells mL⁻¹).

Table S1-S3:
Table S1. The motion mechanisms and speeds/EI50 of reported micro/nanomotors.
	Micro/nanomotor
	Driving mechanism
	Speed/EI50
	Ref.

	TiO2-Arg micromotors
	[bookmark: OLE_LINK3]Self-electrophoresis
	~3 μm s-1(in RPMI-1640)
EI50~15 mM
	(8)

	[bookmark: _Hlk221093044]Pt NPs-modified flasklike colloidal motors
	Autophoretic/Bubble Propulsion

	~4 μm s-1(in FBS)
	(9)

	SPS-microswimmers

	Self-electrophoresis

	EI50~0.028 mM
	(10)

	PHI-based organic microswimmers
	Self-electrophoresis
	~20 μm s-1(in DMEM)
	(11)

	Pt-Ni-Au
tubular microengines
	Bubble recoil propulsion
	~183 μm s-1 (in 1 M NaCl)
	(12)

	Bimetallic microswimmers

	Self-electrophoresis
	Maintain movement in 80 μM L-1 NANO3
	(13)

	Urease-powered Janus-nanomotor 
	Self-propulsion
	Maintain movement in 10 mM urea
	(14)




Table S2. ITC results of PMA nanomotors titration of MCF-7 lysate.
	[bookmark: _Hlk219979131]Association constant Ka (mg-1)
	Stoichiometric ratio n
	Enthalpy changes 
kJ (mg·105 cells)-1
	Entropy change  
J (mg·105 cells K)-1

	25.1
	0.5
	-1.5
	9.1


Table S3. The types of enzyme-substrate, materials characteristics, symmetry/asymmetry of structure, chemotaxis mechanism, and verification level of reported micro/nanomotors
	Enzyme and Substrate
	Materials
	[bookmark: OLE_LINK16]Symmetry/Asymmetry
	Chemotaxis mechanism
	Horizontal verification
	Ref.

	DNase-DNA
	SiO2
	Asymmetry
	Autodiffusion electrophoresis+
local thermal effect
	In vitro solution environment
	(15)

	Urease-Urea
	SiO2+metal nanoparticles
	Asymmetry
	Switching from ion diffusion electrophoresis to microbubble recoil
	In vitro solution environment
	(16)

	Urease-Urea
	Metal nanoparticles
	Asymmetry
	Electrolyte self-diffusion electrophoresis
	In vitro solution environment
	(14)

	CAT-H2O2
GOx-Glucose
	Polymer nanoparticles
	Asymmetry
	Enhanced diffusion
	Mouse infectious diabetes model
	(17)

	CAT-H2O2
GOx-Glucose
Urease-Urea
	SiO2
	Asymmetry
	Enhanced diffusion
	In vitro solution environment
	(18)

	GOx-Glucose
	Polymer nanoparticles
	Asymmetry
	Self-diffusiophoresis
	In vitro solution environment
	(19)

	GOx-Glucose
	Polymer nanoparticles
	Asymmetry
	Self-diffusiophoresis
	In vitro solution environment
	(20)

	GOx-Glucose
	SiO2+metal nanoparticles
	Asymmetry
	Self-diffusiophoresis
	In vitro solution environment
	(21)

	F₀F₁-ATPase-ATP
	Polymer nanoparticles
	Asymmetry
	Molecular motor
	Mouse muscle atrophy model
	(22)

	iNOS-L-Arg
	Polymer nanoparticles
	Asymmetry
	Enzyme-substrate affinity
	In vitro solution environment
	(23)

	CAT-H2O2 GOx-Glucose
	SiO2
	Asymmetry
	Enhanced diffusion
	Mouse diabetes model
	(24)

	GOx-Glucose
	SiO2
	Asymmetry
	Self-diffusiophoresis
	In vitro solution environment
	(25)


	GGT-GSH
	MOF
	Asymmetry
	Enzyme-substrate affinity
	Mouse breast cancer model
	(26)

	Urease-Urea
	SiO2
	Symmetry
	Electrophoretic diffusion
	In vitro solution environment
	(27)

	CAT-H2O2
GOx-Glucose
Urease-Urea
	Lipsome
	Symmetry
	Thermodynamically driven/Hoffmeister effect
	In vitro solution environment
	(28)

	CAT-H2O2
GOx-Glucose

	Polymer nanoparticles
	Symmetry
	Bubble recoil driven
	In vitro solution environment
	(29)

	GOx-Glucose
CPO-HClO
CAT-H2O2
	Polymer nanoparticles
	Symmetry
	Enhanced diffusion
	Mouse vascular graft infection model
	(30)

	iNOS-L-Arg
	Polymer nanoparticles
	Symmetry
	Enzyme-substrate affinity
	Mouse models (for tumor, acute lung injury, arthritis)
	(7)

	CBS-L-Cys
	Polymer nanoparticles
	Symmetry
	Enzyme-substrate affinity
	Mouse Parkinson's disease model
	(31)

	F₀F₁-ATPase-ATP
	Lipsome
	Symmetry
	Molecular motor
	In vitro solution environment
	(32)

	GOx-Glucose
iNOS-L-Arg
	Polymer nanoparticles
	Symmetry
	Enhanced diffusion
+enzyme-substrate affinity
	Mouse glioblastoma model
	(33)

	iNOS-L-Arg
	Polymer nanoparticles
	Symmetry
	Enhanced diffusion + enzyme-substrate affinity
	Mouse gastric cancer model
	(34)

	CBS-L-Cys
	Polymer nanoparticles
	Symmetry
	Enhanced diffusion + enzyme-substrate affinity
	Mouse Parkinson's disease model
	(35)

	Pb-binding urease-PbSe
	MOF
	Symmetry
	Electrophoretic diffusion
	In vitro solution environment
	(36)

	iNOS-L-Arg
	Polymer nanoparticles
	Symmetry
	Enzyme-substrate affinity
	Mouse atherosclerosis model
	(37)

	Urease-Urea
CAT-H2O2
	Polymer nanoparticles
	Symmetry
	Ion self-diffusion electrophoresis
	In vitro solution environment
	(38)

	LOx-Lactic acid
	metal nanoparticles
	Symmetry
	Enhanced diffusion
	Mouse breast cancer model
	(39)

	Urease-Urea
	Polymer + metal nanoparticles
	Symmetry
	Enhanced diffusion
	Intravesical imaging in mouse
	(40)

	CAT-H2O2

	Metal nanoparticles
	Symmetry
	Bubble propulsion
	In vitro solution environment
	(41)

	CAT-H2O2
	Polymer nanoparticles
	Symmetry
	Self-propelled swimming+enzyme-substrate affinity
	In vitro solution environment
	(42)

	CAT-H2O2
GOx-Glucose
	Polymer nanoparticles
	Symmetry
	Bubble propulsion 
	In vitro solution environment
	(43)

	CAT-H2O2
GOx-Glucose
	Metal nanoparticles
	Symmetry
	Bubble propulsion +enzyme-substrate affinity
	Mouse breast cancer model
	(44)

	PAO-biologically active amines
	Polymer nanoparticles
	Symmetry
	Enhanced diffusion
	Mouse breast cancer model
	(45)

	CAT-H2O2

	Graphene nanosheets
	Symmetry
	Bubble propulsion
+enzyme-substrate affinity
	In vitro solution environment
	(46)

	Urease-Urea
Cytochrome C-Catechol
	Polymer nanoparticles
	Symmetry
	Ion self-diffusion electrophoresis +enzyme-substrate affinity
	In vitro solution environment
	(47)

	GOD-Glucose
	SiO2
	Symmetry
	Bubble propulsion +enzyme-substrate affinity
	In vitro solution environment
	(48)
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