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Abstract

Lipase-based nanomotors that are capable of enhanced Brownian motion over long periods of
time in triglyceride solution and of degrading triglyceride droplets have been synthesized. The
biocatalytic reaction between lipase and its water-soluble oil substrate triacetin as fuel led to
about 40 min of enhanced diffusion of lipase-modified mesoporous silica hanoparticles.
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Lipase-powered Nanomotors with Self-propulsion for Enhanced
Triglyceride Degradation

We report lipase-based nanomotors that are capable of enhanced Brownian motion over long
periods of time in triglyceride solution and of degrading triglyceride droplets that mimic *““blood
lipids™. We achieved about 40 min of enhanced diffusion of lipase-modified mesoporous silica
nanoparticles (MSNPs) through a biocatalytic reaction between lipase and its corresponding
water-soluble oil substrate (triacetin) as fuel, which resulted in an enhanced diffusion
coefficient (ca. 50 % increase) at low triacetin concentration (<10 mm). Lipase not only serves
as the power engine but also as a highly efficient cleaner for the triglyceride droplets (e.g.,
tributyrin) in PBS solution, which could yield potential biomedical applications, for example,
for dealing with diseases related to the accumulation of triglycerides, or for environmental
remediation, for example, for the degradation of oil spills.

Synthetic micro/nanomotors are active colloids that self-propel in fluids while performing
complex tasks such as cargo pick-up and release,! sensing,? biomedical applications,® and
environmental remediation.* There are several methods to trigger the propulsion of
micro/nanomotors, including through catalytic reactions,® electric fields,® as well as ultrasonic,’
magnetic,® and light excitation.® Particularly for in vivo applications, it is necessary to explore
biocompatible and biomimetic designs that are capable of actuating in biological systems
without side effects. Therefore, enzymes that carry out energy conversion in biological systems
by using existing fuel sources, and without requiring an external power source, are good
candidates to address these concerns.’® Sen and co-workers provided experimental evidence of
enhanced single-enzyme diffusion based on substrate turnover.!! They also demonstrated
molecular chemotaxis of urease and catalase towards a gradient of increasing substrate
concentrations, 11, as well as the fabrication of enzymatic motors.*? Our group extended this field
by modifying Janus mesoporous silica micro/nanoparticles with different enzymes.*® With
urease, the hollow Janus silica micromotors achieved a directional propulsion with a high
degree of controllability, either through the addition of salts or in the presence of a magnetic
field.* In addition, we reported how the stochastic binding of enzymes to the surface of the



particles with a molecular asymmetry in enzyme distribution results in an asymmetric
generation of forces, which in turn leads to self-propulsion.* This technique was also adopted
for the fabrication of nanomotors based on mesoporous silica nanoparticles, which yielded a
more efficient delivery and release system of anticancer drugs to cells in vitro, as well as for the
fabrication of antibody-modified urease nanomotors for efficient penetration of bladder cancer
spheroids.*® Apart from spherical particles, enzymes have been reported to power various other
structures, such as supramolecular stomatocytes,*® polymersomes,*’ carbon nanotubes,*® silica
nanotubes,'® PEDOT/Au microtubes,® polypyrrole/Au nanorods,? silk fibroin,? and
macroscale carbon fibers.? Despite significant advances in the field of motors, only a few
micro/nanomotors demonstrated motion in oily solution,?* and enzymatic motors capable of
navigating in oil solution or at the oil-water interface are still rarely explored.

Herein, we demonstrate that lipase-powered nanomotors (LNMs), with stochastic binding of
lipase on mesoporous silica nanoparticles (MSNPs), can swim in dissolvable triglyceride
solution, thus improving the degradation efficiency of slightly dissolvable triglyceride. Lipase
(triacylglycerol ester hydrolases from Candida rugosa, EC 3.1.1.3) was chosen for the
experiment as lipase can act as a catalyst for the decomposition of triglyceride substrates, both
dissolvable (e.g., triacetin with a solubility of 61 mg mL—1) and slightly dissolvable (e.g.,
tributyrin with a solubility of 0.133 mg mL—1) ones. It offers two functionalities: 1) It acts as
the power engine with triacetin as the fuel, and 2) it takes on the role of active cleaner for the
tributyrin droplets. In addition to enhancing the motion of LNMs, the triacetin fuel is
biocompatible (an FDA-approved food additive?) and thus suitable for biological and
environmental applications. Furthermore, LNMs present a high efficiency in triglyceride
degradation compared with free lipase and other enzymatic motors (see Figure 4).

The LNMs were fabricated using MSNPs as the substrate to immobilize lipase. MSNPs are
biocompatible, and their porous structure is useful for drug loading.?® The surface of the MSNPs
was modified chemically using glutaraldehyde as a crosslinker between the amino groups of
lipase and MSNPs, respectively (Figure 1 a), resulting in stable catalytic activity.?” The MSNPs
were characterized by transmission electron microscopy (TEM) and scanning electron
microscopy (SEM; see the Supporting Information, Figure S1 a, b). They consisted of uniform
spheres (Figure 1 b, ¢) with a porous structure (Figure S1 a, inset) and showed an average
diameter of 431.01£1.99 nm (N=100, average diametertstandard error of the mean (SE), see
Figure S2). They showed no aggregation, which was also confirmed through dynamic light
scattering (DLS). After each modification step, there was only a single population distribution
in the hydrodynamic radius plots (Figure S3 a), indicating that the MSNPs were still well
dispersed. The increase in hydrodynamic radius and the broader peak can be attributed to the
amination and lipase immobilization (Figure S3 a). Furthermore, the change in surface charge
confirmed each modification step (Figure 1 d): The as-synthesized MSNPs had a negative
surface charge of —16.43+£1.36 mV, which increased to 22.57+1.79 mV after amination. Lipase
immobilization in PBS solution (phosphate-buffered saline, pH 7.4) caused the surface charge
to drop to —7.68=1.21 mV, which can be attributed to the isoelectric point of lipase of about pH
5.6-5.8.28 Additionally, protein immobilization was characterized by fluorescence staining
(Figure 1 e—g). Confocal FL microscopy images show the MSNPs loaded with Rhodamine B
(RB) (Figure 1 e) and stained with Krypton (Figure 1 f). Immobilization of lipase on the surface
of the MSNPs was also confirmed (Figure 1 g). These results were further corroborated by the
presence of a peak at 280 nm in the UV spectrum of the lipase-modified MSNPs (Figure S3 b).%
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Figure 1

a) Schematic representation of the functionalization strategy for the preparation of the lipase-based
nanomotors, whose motion is triggered by the catalytic reaction with triacetin. b) SEM and ¢) TEM
microscopy images of MSNPs modified with lipase, with insets showing magnifications. Scale bars: b) 1
pum (100 nm in the inset), and ¢) 500 nm (20 nm in the inset). d) Evolution of the surface charge after
modifying the MSNP surfaces with amine functional groups, followed by lipase. All measurements were
carried out in the same PBS (pH 7.4) solution. e-g) Confocal fluorescence (FL) images of lipase-modified
MSNPs, scale bars are 5 um. The red FL is due to Rhodamine B (RB) loading of the MSNPs, while the
green FL is generated by the Krypton-modified lipase. g) The corresponding merged image.

Enzyme assays were carried out to confirm that lipase remained active after its immobilization
onto the MSNPs. In the studied motor concentration range of 0.1 to 1.0 mg mL—1, the active
milliunits of lipase linearly increased with motor concentration (Figure S4 a), confirming the
catalytic activity of the lipase-modified MSNPs. To investigate the motility of the lipase-
modified MSNPs in PBS solution, we selected triacetin as the substrate because of its solubility
in PBS. As the catalytic reaction of triacetin generates acetic acid [Eq. (1) in the Supporting
Information], litmus (10 mg mL—1) was added as a pH indicator to the triacetin (10 mm)-
containing PBS solution (pH 7.4, 10 mm) to further confirm the catalytic activity of the LNMs.
This was followed by the collection of UV spectra. Initially, that is, prior to the addition of the
LNMs, the triacetin PBS solution had a blue color (absorption at 580 nm; Figure S4 b, blue
curve), which changed to pink within about 3 h after adding the LNMs (absorption at 500 nm;
Figure S4 b, red curve). This further confirmed that lipase maintained its activity after being
immobilized on the MSNPs (Figure S5).



We tested different concentrations of triacetin as fuel for the lipase-modified MSNPs. The mean
squared displacement (MSD; Figure 2 a), calculated from the tracked trajectories (Figure 2 a,
inset), increased linearly with time and fuel concentration, indicating a fuel-concentration-
dependent motility.*® The effective diffusion coefficient (De) was calculated from the MSD per
time interval (At) as De=0.25 MSD/At. During the studied time range, the De value of the
lipase-modified MSNPs was 0.72+0.03 um2 s—1 in PBS solution without adding fuel,
increasing to 0.94+0.05, 1.08+0.05, and 1.13+0.04 um?2 s—1 (Figure 2 b) when 1.0, 10, and 100
mm of fuel was added, respectively. This illustrates the increase in De with triacetin
concentration. As De increased only marginally (by 4.6 %) when adding 100 mm instead of 10
mm of fuel, we used 10 mm for all subsequent experiments. When adding 10 mm of fuel, the
LNMs were capable of a sustained motion for about 40 min (Figure 2 c). After 40 min, the De
dropped again to the control value (sample without added fuel; Figure 2 d).
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Figure 2

a) Representative trajectories (inset) of LNMs with different triacetin concentrations of 0 mm (black), 1
mm (red), 10 mm (green), and 100 mm (blue) and corresponding mean square displacements (MSDs;
n>20, error bars represent SE). b) Effective diffusion coefficients obtained by analyzing the MSD for
different triacetin concentrations. ¢) Representative trajectories of LNMs at different times with sufficient
fuel. d) Diffusion coefficients of LNMs as a function of time, with 100 mm of triacetin. Control
experiment: LNMs in PBS solution without fuel. *p<0.05 when compared to the control group.

To explore the ability of LNMs to degrade triglyceride, tributyrin was selected as the removal
target as it is slightly dissolvable in PBS solution, thus resembling “blood lipid”. When LNMs
(50 pug mL—1) were added to a PBS solution containing tributyrin droplets in suspension (Figure
S6), the LNMs exhibited typical Brownian motion with De=0.78+0.043 um?2 s—1 (Figure 3 a—d).
This suggests that low tributyrin concentrations (0.133 mg mL—1, saturated concentration) do



not induce enhanced Brownian diffusion of LNMs. After adding fuel (triacetin, 10 mm), the
LNMs moved more rapidly, resulting in De=1.096+0.085 um?2 s—1 (Figure 3 b—d). When the
LNMs happened to reach the surface of the oil droplets, they were confined at the oil-water
interface because of the inherent amphiphility of lipase,® but still maintained a diffusion
coefficient of De=0.174+0.038 um2 s—1 (Figure S7), which is significantly smaller than that of
Brownian motion in bulk solution. The confinement of LNMs to the oil droplets’ surface is
shown in Figures 3 e, f and S8, where the interfacial catalysis between lipase and tributyrin
occurred. Therefore, the tributyrin droplets were degraded (<20 um in diameter) within 1 h.
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Figure 3

Representative trajectories of lipase motors surrounding tributyrin droplets with a) 0 and b) 10 mm of
added triacetin. Scale bars are 5 um. ¢) MSDs of the LNMs with 0 and 10 mm triacetin (n>16, error bars
represent the SE). d) Effective diffusion coefficients obtained from the MSD at different triacetin
concentrations (with tributyrin droplets present in the solution). e, f) FL microscopy images showing the
interaction between the droplets (red FL from Nile Red in tributyrin oil phase) and motors (green FL from
FITC loaded in MSNPs) at different times, with dashed circles showing the initial sizes.

To dynamically explore the degradation process, we focused on a single representative
tributyrin droplet. Litmus was used to illustrate the dynamic color change during the
degradation of tributyrin by LNMs, which produces butyric acid [Figure 4 a, Eq. (2) in the



Supporting Information]. While the fuel-induced catalytic reaction can trigger an immediate
local pH change, the color change may be delayed by up to 3 h because of the low fuel
concentration (10 mm). However, tributyrin degradation significantly accelerated the
acidification, producing a color change in just 30 min. The color of the surrounding solution
was simultaneously analyzed by individual channel using Image J software (RGB intensity; see
Figure 4 b). Initially, the diameter of a representative tributyrin droplet was about 11.36 um
(Figure 4 d), and the solution exhibited a blueish color (blue intensity (Bl): 231.6; red intensity
(RI): 160) with a pH value of 7.4 (Figure 4 b, =0 min). After 10 min, the diameter of the droplet
had decreased to 9.65 um, and the surrounding solution turned purple (Figure 4 a, b, BI: 203.5
and RI: 194.1, pH 4.5). As time progressed, the droplet size continued to decrease, while the
surrounding solution turned increasingly red (decreasing Bl and increasing RI values). Towards
the end of the experiment (50 min), the tributyrin droplet had been degraded, and the solution
had changed to pink (BI: 160.0; RI: 207.7) because of the continuous release of butyric acid into
the surrounding solution. This represents a visible dynamic demonstration of the tributyrin
degradation process (from 0 % to 100 %).
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Figure 4

Demonstrating the dynamic degradation process of tributyrin droplets with lipase motors at different
times. a) The color change of the surrounding medium is caused by the litmus, indicating the continuous
generation of butyric acid. Round dashed circles indicate the initial size of the tributyrin droplets. The
scale bar is 5 pm. b) Corresponding RGB intensity and pH value in the surrounding solution. ¢) Size



measurement of the tributyrin droplets according to the white dashed lines in (a). d) Degradation
percentage of tributyrin droplets calculated from their diameters (see inset); the chemical equation shows
the catalytic decomposition of tributyrin. e) Optical microscopy of the degradation processes of tributyrin
droplets under different conditions. f) Corresponding histogram to (e), showing the degradation
percentage of tributyrin droplets under different conditions after 1 h.

To further demonstrate the advantages of LNMs for the degradation of tributyrin, different
control experiments were conducted (Figures 4 e, f and S9), including with bare MSNPs,
triacetin, urease—-MSNP nanomotors, urease—MSNP nanomotors with urea fuel (20 mm), free
lipase, free lipase with triacetin, LNMs without fuel, and LNMs with triacetin as fuel (10 mm).
Urease nanomotors were chosen as controls because we needed to determine whether enhanced
diffusion can improve the degradation. With bare MSNPs, there was only 5.2 % degradation of
the droplets after 1 h. This is mainly due to the low tributyrin solubility, indicating that bare
MSNPs have almost no effect on tributyrin droplets. Pure triacetin (10 mm), urease—-MSNP
motors with urea (20 mm), and urease-MSNP motors without urea yielded degradations of 1 %,
6.5 %, and 6.7 %, respectively. We can thus conclude that urease—-MSNP nanomotors, despite
containing enzymes on the surface and presenting enhanced diffusion, cannot degrade tributyrin
droplets. Additionally, we also compared the affinities of urease motors and LNMs for targeting
the tributyrin droplets. The same concentration of MSNPs was later separated into two aliquots,
which were loaded with fluorescein isothiocyanate (FITC), followed by the corresponding
modification with urease and lipase, respectively. After these two types of FITC-loaded
nanomotors had been added into the solution containing tributyrin droplets, we calculated the
FL intensity on the tributyrin droplet area (see the Supporting Information and Figures S10 and
S11 for details). Initially, both types of motors were distributed randomly in the solution (Figure
S10) with a similar FL intensity within the droplet area. Within 1 h, the FL intensity
surrounding the droplet area increased dramatically in the presence of fuel for the LNMs (Figure
S11), confirming that LNMs tend to accumulate on the surface of tributyrin droplets, which
leads to their highly efficient degradation. Besides, with free lipase (2 pg mL—1), the droplet
degradation was 48.9 %, which increased to 57.9 % after adding triacetin, thus illustrating the
enhanced degradation process in the presence of fuel due to the enhanced diffusion of free
lipase. LNMs (50 pg mL—1) with 2 pg mL—1 lipase (measured through bicinchoninic acid assay
(BCA), details in the Supporting Information) can lead to a 78.8 % degradation, which is higher
than that with free lipase. This is due to the fact that free lipase tends to form bimolecular
aggregates that partially block the lipase active centers, which in turn results in a less active
form.32 The immobilization can be beneficial for cleaving these lipase dimers, thus improving
their efficiency. Notably, more than 98 % of the droplets can be degraded through the addition
of triacetin, which demonstrates how lipase anchored to MSNPs increases the efficient
propulsion and diffusion towards the target.

In conclusion, we have demonstrated that the lipase-based catalytic reaction can be utilized to
provide MSNPs with enhanced motility in triglyceride-containing PBS solutions. Compared to
free lipase and urease nanomotors, we showed that active lipase hanomotors can accelerate the
degradation of tributyrin droplets to a very high degree (ca. 98 % within 50 min). These results
hint towards possible new applications of lipase-powered nanomotors, in biomedicine for high-
triglyceride-related diseases or in environmental remediation for oil removal. However, it is
necessary to understand the stability and activity of such motors in oil-polluted waters, as well
as the interaction of these motors with adipocytes. Future work should be dedicated to
improving the motion control, as well as their performance in biological fluids, such as serum or
blood.
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Experimental details
1. Materials

Methanol (MeOH, 99%), hydrochloric acid (HCI, 37% in water), Ethanol (EtOH, 99%),
ammonium hydroxide (25% in water), tetraethylorthosilicate (TEOS, 99%), triethanolamine
(TEOA, 99%), cetyltrimethylammonium bromide (CTAB, 99%), 3-aminopropyltriethoxysilane
(APTES, 99%), glutaraldehyde (GA, 25% in water), urease (from Canavalia ensiformis, Type IX,
powder, 50 000-100 000 units/g solid), lipase (from Candida Rugose, Type VII, >700 unit/mg
solid), Lipase Activity Assay Kit (Sigma-Aldrich), urea (99.9%), triacetin (99%), tributyrin (97%),
Rhodamine B (1 mg/mL) were all purchased from Sigma-Aldrich. BCA Protein Assay Kit,
phosphate buffer saline (PBS) and Krypton Fluorescent Protein Stain were purchased from

ThermoFisher Scientific Company.



2. Equipment
Transmission Electron Microscopy (TEM) images were taken using a JEOL JEM-2100

microscope from University of Barcelona. Scanning Electron Microscopy (SEM) images were
obtained by a FEI NOVA NanoSEM 230, from the core facilities of IBEC. Hydrodynamic radii
and Zeta potential measurements were performed using a Nano-ZS of Zetasizer system (Malvern
Panalytical). Optical videos and droplets images were taken using an inverted optical microscope
(Leica DMI8). Protein quantification and enzymatic activity assays were carried out using an
Infinite M200 PRO Multimode Microplate Reader. The confocal microscopy analysis was
performed using an LSM 800-Zeiss equipped with a 63x oil objective, from the core facilities of
IBEC.

3. Synthesis of fully Mesoporous Silica Nanoparticles (MSNPs)

The sol-gel method was utilized for the preparation of MSNPs, with cetyltrimethylammonium
bromide (CTAB) as the porogenic agent and triethanolamine (TEOA) as the base catalyst. In brief,
a solution containing CTAB (570 mg), TEOA (35 g), and water (20 mL) was heated to 95 °C in a
silicon oil bath under continuous stirring for 30 min, followed by the dropwisely addition of TEOS
(1.5 mL). Later on, the mixed solution was kept stirred for 2 h at 95 °C, followed by the collection
via centrifugation and washing for 3 times using EtOH (1350 g, 10 min), with 10 min sonication
between each washing. Then the obtained particles were resuspended in a solution of MeOH:HClI
(10:0.6 v/v, 30 mL) and refluxed for 24 h at 80 °C, in order to remove the additional CTAB from
the MSNPs’ cores. Subsequently, the particles are collected by centrifugation and washed in
ethanol (3 times, 1350 g, 10 min), with sonication for 10 min between each centrifugation. Finally,
aliquots (0.5 mL) were collected, centrifuged and air-dried to determine the concentration of the

MSNPs suspension.



4. Amine Functionalization of MSNPs (MSNP-NH>)
The previously synthesized MSNPs were suspended in EtOH (2 mg/mL), and sonicated for 10

min, followed by the addition of APTES (10 pL/mg of MSNP) directly into the solution. The
mixture was strongly stirred for 24 h at room temperature with an end-to-end rotary shaker. Then,
the functionalized particles were centrifuged and washed in ethanol for 3 times (1350 g, 10 min)
and in water for 3 times (1928 g, 10 min), respectively, with sonication for 20 min between each
centrifugation. Finally, aliquots (0.5 mL) were collected, centrifuged and air-dried to determine
the concentration of the MSNPs suspension.

5. Functionalization of MSNP-NH: with Lipase or Urease

MSNP-NH: were centrifuged at 1340 g for 10 min, resuspended in 900 pL of PBS (5 mg/mL) and
sonicated for 20 minutes, followed by the addition of 100 pL glutaraldehyde and vortexed for 30s.
Then the mixture was strongly shaken using a vortex shaker for 3h at room temperature. The
solution will give a pink color after 3h, and then the solution was washed using PBS (1340 g, 10
min) for 3 times with sonication for 20 min between each washing. Subsequently, the GA-activated
nanoparticles were suspended in PBS solution containing lipase (8 mg/mL) or urease (3 mg/mL),
respectively. The mixture was put on a vortex shaker overnight at room temperature at a speed of
1500 r/min. Finally, the obtained nanomotors was washed 3 times using PBS by centrifugation
(1340 g, 10 minutes), intercalating the washes with 1 min of vortex and 3 min of sonication.

6. Hydrodynamic Radii and Zeta potential measurement

The tests of the size distribution and zeta potential of MSNP, MSNP-NH., and MSNP-lipase were
conducted using a Morphologi 4-1D (Malvern Panalytical) system. The samples were diluted to a
concentration 0.5 mg/mL and then analyzed for light scattering and zeta potential, with an
acquisition time of 5 s, performing 3 runs per measurement. A total of 9 measurements were

performed to obtain statistical relevant data.



7. Quantification of Lipase Amount on MSNPs

The BCA Protein Assay Kit from ThermoFisher Scientific was utilized for the quantitation of
lipase amount on the MSNPs, following the manufacturer’s instructions. BCA quantifies the total
protein amount by quantifying the reduction of Cu?* to Cu'* by protein’s peptide bonds. After
reaction, the BCA solution forms a purple-blue complex with Cu'* in alkaline environments, thus
providing a quantification process.

8. Activity Assay of L-MSNPs

The lipase activity after immobilized on MSNPs was determined using the lipase activity assay kit
(Catalog Number MAKO046) from Sigma-Aldrich, following the technical bulletin. The
quantification was realized based on the lipase catalytic reaction, i.e., the cleavage of the ester
bonds of lipids. Briefly, the lipase activity is determined using a coupled enzyme reaction, which
results in a colorimetric (570 nm) product proportional to the enzymatic activity present.
Accordingly, one unit of lipase is the amount of enzyme which could generate 1.0 umol of glycerol
from triglycerides per minute at 37 °C. All the calculations were carried out according to the
technical bulletin.

9. Optical Video Recording of Nanomotors and MSD Analysis

An inverted microscope equipped with a 63x water objective was used to observe and record
videos of the motion of nanomotors. The lipase-MSNPs nanomotors with different concentrations
of triacetin were put on a glass slide and mixed well, followed by covering with another glass slide.

Then each sample was videoed for 30 s by a Hamamatsu camera with a frame rate of 50 fps.

A self-edited python-based code was developed to obtain the trajectories of the nanomotors from
the obtained videos, and the mean-squared displacement (MSD) and the diffusion coefficient (De)

was calculated using the following equations:



MSD (At) = ((x_i (t+At)-X_i ()2 )

MSD (At) = 4 De At,
where, i = 2, for 2D analysis; De represents the effective diffusion coefficient and At represents
the time interval.
10. Preparation of the tributyrin droplets
The tributyrin droplets were easily obtained by strongly hand-shaking the tributyrin/PBS mixture
(50:2, v/v) for 1 min, shown in Figure S5. Typically, 500 pL PBS solution and 20 pL tributyrin
were added into a 1.5 mL Eppendorf tube, followed by strongly hand-shaking for 1 min. Then the
solution was used for the mimicry of lipid storage droplet.
11. Calculation of degradability of oil droplets
The images taken using Leica microscope were analyzed using Image J, for measuring the
diameter of the droplet before (Dg) and after (Da) the catalytic reaction cause by different
conditions. The degradability was calculated using the following equation:

Degradability percentage = [(Dg”3- Da”*3) / Dg”3] *100%

12. Color intensity collection from the obtained images
The RGB intensity of the colorful images were collected using Image J software (Version
6.0.0.260) by drawing lines across the images, followed by the calculation of the average intensity.
13. FL intensity calculation from the obtained images
To determine the FL intensity on the droplets, due to the attachment of FITC loaded Lipase-

nanomotors or Urease-nanomotors, Image J software (Version 6.0.0.260) was utilized, using the

following equation:



Corrected total FL= Integrated Density-(Area of selected dropletsx Mean FL of background

readings)

Where, corrected total FL is the calculated FL results, the integrated density was the value of the
pixels in the image or selection area, and background readings are the values of the pixels of a

background in the image or selection area.

14. Catalytic reaction equations for triacetin and tributyrin

(Equation 1, triacetin)

(Equation 2, tributyrin)



Supporting figures

Fig. S1 TEM (a) and SEM (b) images of MSNPs. Scale bars are 500 nm and 1 um in a) and b),
and 30 nm in the inset, respectively.
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Fig. S2 The histogram of MSNPs size distribution evaluated by SEM image, with the Gaussian
fit curve.



40 - 1.0
a) —— MSNP b) ——Si02 NPs
——MSNP-NH, ——85i02 NPs@lipase
30l ——MSNP-lipase|| 08
- s ol
=~ 0.6
=
s 20} 5
= S
(] o
E 5 0.4
10} a |
P
0.2
8 I
0.0
L Il 1 L i 1 " L L L i 1
0 400 800 1200 240 320 400 480 560
Hydrodynamic radius / nm Wavelength / nm

Fig. S3 (a) Hydrodynamic radii plots of the surface modification of the MSNPs with amine
functional groups, followed with lipase. (b) UV absorption plots of bare MSNPs and MSNPs-
lipase.
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Fig. S4 Analysis of the activity of lipase after modification and the motion behavior of lipase-
powered nanomotors. (a) The milliunits of lipase as a function of the concentration of L-MSNPs,
obtained using lipase assay kit from Sigma (inset). (b) The UV absorption curves of the triacetin
solution (100 mM/mL) with litmus (10 mg/mL) before and after the addition of L-MNSPs, with
the photos showing the solution colors and corresponding pH values.



Free lipase
100 LR Lipase motors

o
o

Relative Activity (%)
F Y =23
o o

n
o
L]

Concentration of lipase (mg/mL)

Fig. S5 Comparison between the relative activity of free lipase and bound to MSNP in PBS
solution after 50 minutes reaction.

Fig. S6 The optical (a), fluorescence (b, c) and corresponding merged images of the tributyrin
droplets in PBS solution (pH 7.4), obtained by hand-shaking. Scale bars are 20 um. The green
fluorescence is generated from FITC in water, and the red fluorescence is from Nile Red in the oil
phase.
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Fig. S7 The optical image of the tributyrin droplet with motors attached on the surface. The
representative trajectory shows the motor moves on the surface, with the corresponding MSD
shown in (b). The diffusion coefficient calculated was 0.174+0.038 um?/s, which was much
smaller than that of Brownian motion, indicating the motor was confined on the surface of the
droplet, but moving slower probably due to the viscosity of the droplet. The red dash circles show
other motors confined on the surface of the droplets. The scale bar is 3 um.
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Fig. S8 The optical (a) and fluorescence (b, ¢) images of the tributyrin droplets in PBS solution
(pH 7.4) during the degradation process using lipase motors. The red FL is generated by Nile red
in the oil phase, while the green FL is due to the loading of FITC into the MSNPs. Dash circles
with different colors showed the initial corresponding size of each different droplet. Scale bars are
5 pm.
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Fig. S9 (a) Optical microscopy images showing the degradation processes of tributyrin droplets
under control conditions, including pure triacetin, urease motor, urease motor with urea (20 mMm),

and pure lipase (2 pg/mL). The dash circles show the initial size of the droplets at different
conditions.
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Fig. S10 The optical and fluorescence images of the tributyrin droplets in PBS solution (pH 7.4)
with the same concentration of (a) urease nanomotors/urea (20 mM) and (b) lipase
nanomotors/triacetin (10 mM) within 55 min, showing the lipase motors tend to sediment
surrounding the tributyrin droplets. Scale bars are 20 um.
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Fig. S11 The profile of calculated fluorescence intensity of the Urease and Lipase nanomotors
with and without corresponding fuel on the surface of tributyrin droplets in PBS solution (pH 7.4),
within 55 min.

Captions for supporting videos:

Video S1, Representative lipase motor with tracked trajectory in PBS solution without fuel,
Video S2, Representative lipase motor with tracked trajectory in PBS solution with 1 mM triacetin;

Video S3, Representative lipase motor with tracked trajectory in PBS solution with 10 mM
triacetin;

Video S4, Representative lipase motor with tracked trajectory in PBS solution with 100 mM
triacetin;

Video S5, Tributyrin droplets degradation (16X acceleration) using lipase motors (50 pg/mL),
with the colour change of surrounding solution.
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