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Abstract: Enzyme powered micro/nanomotors have great potential 
applications in various areas. To efficiently reach those applications, 
it is necessary to understand the fundamental aspects affecting the 
motion dynamics. Herein, we explored the impact of enzyme 
orientation on the performance of lipase-powered nanomotors by 
tuning the lipase immobilization strategies. The influence of the 
lipase orientation and lid conformation on substrate binding and 
catalysis was analyzed via MD simulations. Besides, the motion 
performance indicates the hydrophobic binding (via OTES) 
represents the best orienting strategy, providing 48.4 % and 95.4% 
increase in diffusion coefficient compared to hydrophilic binding (via 
APTES) and Brownian motion (no fuel) respectively (with C [triacetin] of 
100 mM). This work provides critical evidences of immobilization 
strategy and corresponding enzyme orientation for the catalytic 
activity and in turn, the motion performance of nanomotors, thus 
helpful to future applications. 

Introduction 

The past two decades has witnessed the tremendous 
advancements of micro- and nanomotors in various research 
fields, especially in biomedical[1] and environmental[2] areas. 
Catalytic micro/nanomotors are based on the conversion of 
chemical energy into a mechanical force[3], thus leading to active 
motion. Enzymes, conducting energy conversion in biosystems, 
are good candidates for the engines of micro/nanomotors[4], due 
to their inherent characteristics such as biocompatibility and 
highly efficient catalysis[5]. Hence, several enzymes have been 
investigated in the preparation of micro/nanomotors, including 
catalase[6], urease[7], and glucose oxidase[8], 
acetylcholinesterase (AChE) [9], trypsin[10], lipase[11], or multi-
enzyme combination[12]. Albeit the fast advances of enzyme 
powered micro/nanomotors towards in vitro/vivo applications[13], 
the fundamental question of how catalytic processes impact on 
the motion performance of nanomotors remains unclear. To 
address this issue, Sanchez’s group has clarified several basic 
questions, including the influences caused by enzyme poisoning 

and reactivation[14], the enzyme quantity and distribution[15], and 
the flexibility near the active site for different enzymes[9]. 
However, there are still several questions remaining to be solved, 
for instance how the enzyme orientation impacts on their 
catalytic efficiency, and hence on the resulting motion 
performance of micro/nanomotors.  
    In this regard, lipases (triacylglycerol ester hydrolases EC 
3.1.1.3) are ideal candidates to address the above question. Up 
to 2017, lipases accounted for the third biggest category based 
on total global sales[16], with prevalent applications in both 
industrial and biotechnology areas.[17] Furthermore, thanks to 
their intrinsic characteristics (e.g. broad specificity, good stability 
and unique structure), lipases are expected to show potential 
functions in pharmaceutical and biomedical fields in the coming 
years. Recently, lipase has been used as engine for nanomotors 
and demonstrated the efficient degradation of triglyceride in 
vitro[11], which not only further expanded the enzyme library for 
biocompatible engines of nanomotors, but also provided 
potential biomedical and environmental applications. More 
significantly, within the enzyme realm, lipase presents a unique 
catalytic mechanism, characterized by the presence of a mobile 
subdomain lid or flap located over the active site.[18]  Therefore, 
depending on the lipase surrounding environment, the lid can 
shift to seclude the catalytic site entrance or not, thus hampering 
or permitting the free diffusion of lipase substrates. In other 
terms, the lipase structure can shift between an open-active or 
close-inactive conformation depending on the lid movement.[19] 
This equilibrium could be well controlled by means of the 
immobilization strategy and supporting materials[20], thereby 
providing a good amphiphilic model to investigate the orientation 
effect on the motion behaviors of lipase-powered motors. 
    Herein, we study the effect of lipase orientation on the 
catalytic and mobility performance of lipase-powered 
nanomotors, both experimentally and by molecular dynamics 
(MD) simulations. Lipase from Candida rugosa (CRL) was 
immobilized on mesoporous silica nanoparticles (MSNs) through 
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three different interactions, namely ionic adsorption, 
glutaraldehyde-mediated covalent bonding, and hydrophobic 
interaction, providing different lipase conformation and 
orientations on MSNs (Supplementary Figure S1), which was 
confirmed by FTIR-ATR. Last but not least, both the catalytic 
efficiency and motion performance demonstrated that the lid 
opening mechanism could be achieved via controlled 
immobilization approaches, therefore providing a method for 
improving the performance of lipase powered nanomotors. 
Taken together, these results not only provide deep insights into 
the fundamental understanding of how the lipase orientation and 
manipulation influence the lipase-powered nanomotors, but also 
to offer a guidance for future preparation of more efficient 
nanomotors, towards promoting the potential biomedical or 
environmental applications. 

Results and Discussion 

Figure 1. (a) Scheme of the synthesis of MSNs, and following modification 
using three different protocols, including i) 3-aminopropyltriethoxysilane 
(APTES), ii) APTES + glutaraldehyde (APTES/GLY), iii) trimethoxy-
(octyl)silane (OTES). (b-c) SEM and TEM images showing the produced 
MSNs, with high resolution images inset. (d-f) DLS, FTIR and Zeta potential 
results, showing the size, surface functional groups and surface charges of the 
MSNs, after modification using different silanes. 
 
In this study, MSNs were selected as the supporting material for 
the immobilization of lipase, due to the easily tuning of their 
surface charges and functional groups (Figure 1a).[21] Based on 
dynamic light scattering characterization (DLS, Figure 1d), the 
synthesized MSNs consisted of uniform spherical porous 
structures (Figure 1b-c), with an average diameter of 
413.28±2.77 nm (N=150) and a polydispersity index of 0.27. In 
order to obtain MSNs with different surface functional groups, 
three different silanes was adopted for the modification, thus 
obtaining three types of supporting MSNs with amino groups, 
aldehyde groups, and hydrocarbyl groups respectively (Figure 
1e), thus resulting in three corresponding interactions for the 
following modification of lipase, namely ionic adsorption (MSN-
APTES), covalent bonding (MSN-APTES/GLY), and 
hydrophobic interaction (MSN-OTES). FTIR was firstly 
conducted to confirm the different modification (Figure 1e), 
showing the representative peaks from each silane. From the 
plots, we can see the peaks that appear at 400 cm-1 are 
attributed to the bending vibration of Si-O-Si bond, and the 
peaks shown at 800 and 1080 cm-1 are due to the symmetric 

and asymmetric stretching vibration of Si-O-Si bonds, confirming 
the existence of MSNs respectively. Furthermore, the peaks at 
2850/2940 cm-1 (C-H stretching vibration), 1700 cm-1 (C=O 
stretching vibration), 3000 cm-1 (N-H stretching vibration) 
confirmed the existence of three different silanes on the surface 
of MSNs. The successful modification using different silanes 
was also proved by the change of surface charge (Figure 1f): the 
as-synthesized MSNs had a negative surface charge of -
19.36±2.15 mV, which increased up to 16.15±1.43 mV after 
amination. Similarly, after the modification with glutaraldehyde, 
the surface charge decreased back to a slight negative value (-
7.2±2.15 mV). The modification with OTES kept the surface of 
MSNs at negative state of -13.7±2.27 mV. After each 
modification step, there was still only one single population 
distribution in the hydrodynamic radius plots (Figure 1d), even 
after lipase modification (Supplementary Figure S2), 
demonstrating excellent dispersity of MSNs in solution. The 
increase in hydrodynamic radius and the broader peak can be 
attributed to the attachment of silanes. Once prepared and 
characterized, the three types of MSNs were used for the 
different immobilization strategies, to achieve the different 
orientations of CRL on each silica surface.  

Figure 2. Structural characterization of CRL-powered nanomotors. a) FTIR-
ATR spectra in the amide I region of CRL lipase immobilized on MSN-APTES 
(black line), MSN-APTES/GLY (red line) and MSN-OTES (blue line); b) 
Second derivative of amide I band for free lipase (black line) and lipase 
immobilized on MSN-APTES (red line); c) Second derivative of amide I band 
for free lipase (black line) and lipase immobilized on MSN-APTES/GLY (red 
line); d) Second derivative of amide I band for free lipase (black line) and 
lipase immobilized on MSN-OTES (red line). 

It is well-known that the activity of an enzyme is strongly 
dependent on its secondary structure as well as its complete 3D 
structure[22], which is influenced by the chemical and physical 
properties of the supporting material. Infrared spectroscopy is a 
well-established technique for the conformational analysis of 
proteins especially upon their immobilization on solid supports[23], 
and thanks to the attenuated total reflectance (ATR) technique[24], 
protein absorption bands can be obtained with a good signal-to-
noise ratio at a low concentration[25]. As reported previously[26], 
the analysis of the amide I absorption in the 1700–1550 cm−1 
region is the best choice to obtain relevant information on the 
secondary structure elements of lipase. Hence, considering that 
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the amide I band (due to the C=O stretching vibration coupled 
with an out-of-phase C–N stretching and C–C–N deformation of 
the peptide backbone) [27] is more conformational sensitive 
because of its frequency dependence on the hydrogen-bonding 
and coupling along the protein chain, we decided to focus on 
that zone in each spectra with the aim to analyze the protein 
conformation as a function of each immobilization strategy. [28]   

The spectra of amide I band of CRL immobilized on each 
different MSNs is obtained (Figure 2a and Figure S3). CRL 
immobilized on MSN-APTES and MSN-APTES/GLY exhibited 
similar amide I bands profile and maximum value (1644 cm-1). 
However, CRL@MSN-OTES showed a clear shift of the amide I 
band toward higher wavenumber (1658 cm-1), implying a 
different structure conformation assumed by the lipase when 
immobilized on this more hydrophobic material (Figure 2a). To 
clarify the impact of different MSNs on the lipase orientation, the 
second derivative of the amide I spectra of each enzyme 
derivative was calculated (Figure2b-d). The amide I components 
of free CRL were then assigned to the different secondary 
structure elements according to previous studies[29], which are in 
good agreement with the analysis of its crystal structure by X-ray 
diffraction. [19c]   
  As described in literature, the components comprised in the 
1610-1590 cm-1 spectral range can be attributed to strongly 
hydrogen bonded intermolecular β-sheets structures.[24] Within 
this range, in comparison with free CRL in solution (24%),  the 
second derivative of three lipase-nanomotors shows a relative 
intensity loss in all cases. Nonetheless, if compared within them, 
the second derivative values of lipase derivatives showed clear 
differences as a function of the immobilization protocol. In more 
details, CRL@MSN-APTES (Figure 2b) and CRL@MSN-
APTES/GLY (Figure 2c) spectra show 13.86% and 15.28% 
intensity, respectively, whereas in the case of CRL@MSN-OTES 
(Figure 2d) a clear loss of relative intensity of the bands 
comprised in that zone can be appreciated (11.84%). As general 
consideration, these results indicate that the lipase molecules 
are less aggregated in comparison with free CRL because of the 
immobilization on the MSN nanoparticles. In more details, the 
comparison within immobilized lipases indicates that CRL 
molecules immobilized on OTES surface present a less 
intermolecular interaction between them. Thus, this evidence 
clearly indicates that the lipase has been immobilized on the 
MSNs hydrophobic surface in a less aggregated manner and 
with a more homogeneous distribution in comparison with the 
other two cases. 
    Comparing the reference components of free CRL with those 
of immobilized CRL on each type of MSN, in the case of 
CRL@MSN-OTES (Figure 2d), the intensity of the bands in the 
spectral range of organized α-helix (region with bands centered 
at 1658 and 1649 cm−1 and the main component of lid in its close 
conformation[19c]) decreased (42.2% vs 26.58% of free CRL and 
CRL@MSN-OTES, respectively; Supporting Table 1) while the 
bands related to disordered structure (1665–1700 cm-1) 
exhibited a clear relative increase (21.13% vs 29.49% of free 
CRL and CRL@MSN-OTES, respectively; Supporting Table 1). 

This behavior is consistent with a previous report that described 
one part of α-helix of lipase transformed into less ordered 
elements, when CRL was incorporated into hydrophobic 
microenvironment.[30] This structural change can be explained by 
the transition of the lid from close to open conformation as a 
consequence of the catalytic site opening, thus confirming that 
the most active conformation of CRL was achieved and ‘frozen’ 
on the surface of supporting materials because of the presence 
of hydrophobic layer (hydrocarbyl groups). Therefore, these 
results demonstrate that CRL has been immobilized onto the 
hydrophobic MSN-OTES in its open-active structural 
conformation (Supplementary Figure S1a).  
    To analyze the secondary structure of CRL immobilized on 
MSN-APTES, we focused our attention on the evaluation of the 
relationship between the bands within 1550 and 1575 cm−1 
assigned to deprotonated ʋ(COO−) belonging to side chains of 
glutamic and aspartic acid amino acids (Glu and Asp) and 
compared to the total area of amide I (comprised within 1550-
1700 cm−1, Figure 2b). Consequently, by analyzing the spectrum 
(1550-1570 cm-1), we observed that the relative intensity of the 
deprotonated amino acid Glu and/or Asp peaks for CRL@MSN-
APTES decreased notably (27.96% vs 13.82% of free CRL and 
CRL@MSN-APTES, respectively; Supporting Table 1, Figure 
2b). These results indicate that during the immobilization on 
cationic MSN-APTES, at the immobilization pH (neutral), CRL 
adsorbs on the MSN surface through the negatively charged 
COO− side chains by forming hydrogen bonds and/or by 
protonation with the NH3

+ groups of APTES. Furthermore, the β-
sheet/unordered zones do not change whilst the α-helices 
signals slightly increased in intensity (42.24% vs 44.4% of free 
CRL and CRL@MSN-APTES, respectively; Supporting Table 1) 
indicating that the related closed/inactive conformation of CRL 
(typical of free CRL enzyme in aqueous solutions) is mostly 
present in this enzyme derivative, thereby confirming the ionic 
interaction during the immobilization of CRL on MSN-APTES 
with the final bonding of the closed-inactive form of CRL 
(Supplementary Figure S1b).  
    Finally, for the case of CRL@MSN-APTES/GLY (Figure 2c), it 
is possible to observe the appearance of a shoulder at 1604 
cm−1 (with higher intensity in comparison of bare MSN-
APTES/GLY (data not shown)) that can be assigned to the imine 
bond ʋ(N=C) as a result of the reaction of residual aldehyde 
group of GA with amine groups of CRL (proceeding from the 
lysine side chains) as a result of the Schiff’s base formation. 
Furthermore, an additional contribution of hydrophobic α-helix 
bands intensity decrease (42.24% vs 38.26% of free CRL and 
CRL@MSN-APTES/GLY, respectively; Supporting Table 1) with 
a concomitant increase of disordered structures within 1665–
1700 cm-1

, (21.13% vs 28.11% of free CRL and CRL@MSN-
APTES/GLY, respectively; Supporting Table 1) as well as ionic 
interaction (clear lowering of the bands intensities of the 
spectrum within 1550 and 1575 cm-1: 27.96% vs 19.19% of free 
CRL and CRL@MSN-APTES/GLY, respectively; Supporting 
Table 1). Taken together, these results indicate that CRL was 
immobilized via a mix of ionic interaction, hydrophobic 
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adsorption and covalent bonding through glutaraldehyde linker 
on MSNs (Supplementary Figure S1c).  

 
Figure 3 Catalytic characterization of different CRL@MSN nanomotors. a) 
Time course assessment of model substrate hydrolysis catalyzed by 
CRL@MSN-APTES (red line), CRL@MSN-APTES/GLY (green line) and 
CRL@MSN-OTES (blue line). The inset photos showing the sample solution 
before and after the catalytic reaction of CRL-powered motors; b) specific 
activity for each milligram of CRL immobilized on the different MSNs. 
Significance was calculated by one-way ANOVA test. ***: p < 0.001 or high 
significant statistical difference between the groups of data; ****: p < 0.0001 or 
very high significant statistical difference between the groups of data. 
 
To characterize the catalytic property of each kind of 
CRL@MSN nanomotors, an enzymatic assay was carried out. 
This reaction is based on the time-dependent colorimetric 
evaluation of the appearance of colored 4-nitrophenol molecule, 
which is the hydrolysis product of uncolored 4-nitrophenyl butyl 
ester (model substrate of CRL) (Figure 3). In Figure 3a, with the 
same amount of CRL@MSN nanomotors and substrate, it is 
easily to observe that CRL@MSN-OTES performed best, with 
the highest efficiency (blue line in Figure 3a). By normalizing the 
kinetic results for each milligram of CRL immobilized on each 
nanomotor and quantified by the BCA assay (Figure 3b), it is 
possible to assess the real impact of each immobilization 
protocol on the CRL activity. The results indicated that the least 
active nanomotor was CRL@MSN-APTES (3.5 UI/mgCRL), and 
CRL@MSN-OTES (78.5 UI/mgCRL) was the most active one 
(Figure 3b), with CRL@MSN-APTES/GLY (60.5 UI/mgCRL) in the 
middle, thus proving CRL immobilized via hydrophobic 
adsorption is the most active form. In order to further elucidate 
and correlate the impact of each immobilization protocol on the 
catalytic activity of CRL while normalizing all the other 
parameters (e.g. immobilized CRL amount), we carried out a 
kinetic study with the aim to calculate the Michaelis-Menten 
constant (Km) and the maximum initial velocity (Vmax) 
parameters (Supporting Figure S4). Especially the Km is a very 
useful parameter since it relates to the enzyme affinity to 
substrate (or binding affinity) and a high value of Km specifies a 
weak affinity.[31] The achieved experimental data (Km 
CRL@MSN-OTES: 0.4 mM < Km CRL@MSN-APTES/GLY: 
0.45 < Km CRL@MSN-APTES 1.19 mM; Supporting Table S2) 
demonstrate the enhanced affinity of the substrate to the lipase 
immobilized by the interfacial activation mechanism. This higher 
substrate affinity is mainly due to the oriented immobilization of 
CRL in its open-active form on MSN-OTES surface and to the 
successful generation of the wide hydrophobic environment in 
the surroundings of CRL active center. Furthermore, the 
significantly higher Vmax value of CRL@MSN-OTES (202 
U/mg) than that of the other two lipase-powered nanomotors 
(123 and 7.5 U/mg for CRL@MSN-APTES/GLY and 

CRL@MSN-APTES, respectively) indicates highly improved 
catalytic efficiency (Supporting Table S2). These results agreed 
well with the structural analysis proved using FTIR-ATR and the 
specific activity characterization discussed in the previous 
sections. 

 
Figure 4. Scheme of the MD analysis process and substrate binding 
accessibility profiles. The dataset obtained from multiple MD simulations for 
open and closed CRL was reduced using a two-step process: first, the 
dimensionality reduction technique TICA was applied (TIC0 and TIC1 shown 
in a) and b) for open and closed CRL, most populated regions are displayed in 
blue, whereas less populated in red), which was further reduced into a 2D 
dimension with t-SNE (c-d), and clustered with HDBSCAN method. Each 
cluster in the t-SNE plots is coloured differently. The 4 most populated clusters 
were subjected to tunnel and ligand binding analysis. Representative open (e) 
and closed (g) CRL conformations adopted during the MD simulations are 
represented as cartoons. LID domain is shown in green, active site residues in 
purple sticks, and tunnel T1 and T2 in blue and raspberry solid surfaces, 
respectively. Ligand transportation energy profiles (f, h) computed from the 
most populated clusters after t-SNE reduction. The mean energy profile for 
substrate accessibility to the active site computed on multiple MD snapshots is 
shown with a solid line, and the standard deviation using a shaded region. 
Mean energy profiles for substrate accessibility through T1 and T2 tunnels are 
shown in blue and raspberry, respectively. The mean tunnel bottleneck radius 
(BR, marked with coloured stars in f-h, in Angstroms) together with the 
standard deviation is also shown. 

As stated above, depending on the immobilization conditions 
applied in the experimental assays, CRL is immobilized with the 
lid domain either in a closed or open conformation, finally 
impacting on the lipase activity and thus potentially the 
propulsion of CRL@MSNs nanomotors. To further clarify how 
the lid conformation affects the lipase activity, we performed 
molecular dynamics (MD) simulations coupled to substrate 
access tunnel calculations with CaverDock[32] (see Figure 4). MD 
simulations starting from either open (Figure 4e) or closed 
conformations (Figure 4g) of the lid domain of CRL were 
performed with an accumulated MD simulation time of 6100 ns 
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(see computational details in SI). The opening and closing 
transitions of the lid were not sampled in any of the replicas, i.e. 
simulations starting from open state remained in the open state, 
in line with the relatively slow timescale of the conformational 
change of the lid domain in water. [33] In contrast, additional MD 
simulations performed at 100mM triacetin revealed a higher 
flexibility of the lid, which was able to transition from closed to 
partially open conformations (see Supplementary Figure S5). 
The performed MD simulations were further analyzed by means 
of dimensionality reduction techniques (see Figure 4 a-d, Figure 
S6 and full computational details in SI), to provide an ensemble 
of open and closed conformations of the lid domain of CRL for 
characterizing its impact on CRL catalytic efficiency and 
CRL@MSN propulsion. To that end, substrate accessibility was 
estimated through the calculation of access tunnels, tunnel 
bottleneck radius (BR), and evaluation of the associated energy 
barriers for substrate binding to the active site (see Figure 4f-h). 
For the ensemble of open CRL conformations, two tunnels were 
identified (Figure 4e, f): the wide T1 tunnel observed in 94% of 
analyzed open MD structures with a mean BR of 1.28 ± 0.24 Å, 
and the narrower T2 (BR of 1.04 ± 0.12 Å). Energy barriers 
associated to substrate binding into the active site indicate that 
the wider T1 tunnel is kinetically favored (barrier of ca. 2 
kcal/mol), as a result of its short length and exposure to the 
solvent (see Figure 4f). In contrast, the narrower T2 has a 
substantially higher barrier for triacetin binding (ca. 26.3 
kcal/mol). Interestingly, the same analysis performed on the set 
of closed CRL conformations (see Figure 4g) indicated that 
T1/T2 tunnels are detected at a lower rate (48%/39% of sampled 
MD conformations, respectively), and most importantly they are 
characterized by a slightly narrower BR (1.10 ± 0.20 Å for T1 
and 1.01 ± 0.11Å for T2). These narrow T1 and T2 tunnels found 
in closed CRL conformations also present high energy barriers 
associated to triacetin binding (the estimated barriers are ca. 
28.8 for T1 and 13.3 kcal/mol for T2, see Figure 4d). These 
large energy barriers can be traced back to hydrophobic 
residues V86 (Valine 86) and F87 (Phenylalanine 87) from the 
lid domain that restrict active site accessibility in the closed 
conformation (see Figure S7). These findings indicate that the 
immobilization of CRL with the lid domain in closed 
conformations prevent triacetin access to the active site, thus 
hindering CRL catalytic activity and inhibiting CRL@MSN 
propulsion. 

 
Figure 5 a-c) Representative trajectories (during 30s) of different lipase-
powered MSNs nanomotors, in different triacetin concentrations (0, 1, 10, 100 
mM), through different strategies: a) APTES, b) APTES/GLY, c) OTES. d-f) 
Mean square displacements (MSDs; n≥20, error bars represent Standard 
Error (SE)) corresponding to (a-c). g-i) Diffusion coefficients of different lipase-
powered nanomotors obtained by analyzing the MSD (d-f) for different triacetin 
concentrations. 
 
To fully understand the influences on motility behavior caused 
by the lipase orientation, we tested different concentrations of 
triacetin as fuel to trigger the motion of these three types of 
CRL@MSN nanomotors. The mean squared displacement 
(MSD, Figure 5d-f) was calculated from the tracked trajectories 
(Figure 5a-c), using a home-made python code, showing a 
linearly increase with time and fuel concentration, thus indicating 
a fuel-concentration-dependent motility, which is consistent with 
our previous findings[9,11]. The diffusion coefficient (De) was 
obtained from the MSD per time interval (Δt) as De=0.25 
MSD/Δt. During the studied time range, the De value of lipase 
motors with APTES as linker was 0.64 µm2s-1 in PBS solution 
with no triacetin, and increased to 0.82, 0.89 and 0.93 µm2s-1, 
when 1, 10 and 100 mM triacetin was added, with the 
corresponding increase percentage of 28.6%, 40.7% and 47.0%, 
respectively (Figure 5g). This illustrates the increase of De 
values with fuel concentration. Similarly, for the lipase motors 
linked with glutaraldehyde, and OTES, the increase percentages 
of De values are 30.3%, 49.9%, 56.6% (Figure 5h) and 63.8%, 
82.0%, 95.4% (Figure 5i), respectively. We could observe an 
increase of De values of lipase nanomotors when open 
conformation (hydrophobic binding) takes place, which is 
consistent with previous catalytic ability (Figure 3) and MD 
analysis (Figure 4). This enhanced motility behavior might be 
also due to the higher concentration of triacetin in the wide 
hydrophobic environment created in the lipase’s catalytic site 
surroundings by the large hydrophobic pocket resulting from the 
open form of CRL and through OTES modification. Finally, we 
explored the stability of each nanomotor in the experimental 
conditions of motion analysis (Supplementary Figure S8). In all 
the cases, the CRL@MSN-OTES nanomotor showed higher 
stability in comparison with CRL@MSN-APTES/GLY and 
CRL@MSN-APTES, thus, demonstrating the positive impact of 
hydrophobic immobilization. Therefore, in this work, we can 
easily confirm the best orientation of lipase is based on the 
OTES strategy, providing almost one-fold increase of the De 
value compared to that of the Brownian motion. All these results 
show that the lipase orientation is a crucial parameter for tuning 
the motion behaviors, thereby providing a strategy for the 
preparation of efficient and stable enzyme-powered nanomotors, 
towards promoting their biomedical and environmental 
applications. 

Conclusions 

In this work, we demonstrated that the structural conformation 
and orientation of immobilized lipase play a key role in finely 
modulating and enhancing motility behavior of lipase-powered 
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nanomotors. Through different immobilization strategies, CRL 
was immobilized onto three different supporting platforms 
through ionic interaction, covalent bonding, and hydrophobic 
interaction, thus leading to fundamental conformation changes 
as a function of the different orientations and accessibility of the 
catalytic center. The correlation between structural analysis and 
catalytic characterizations together with molecular dynamics 
simulation confirmed that the oriented immobilization of CRL in 
its open conformation through hydrophobic adsorption was 
crucial for achieving the most efficient catalytic process and, 
consequently, the fastest and more stable nanomotor. Thus, the 
enzyme orientation strategy was revealed to be a crucial factor 
to modulate and enhance the diffusion coefficient of lipase-
powered nanomotors. Therefore, this work does not only answer 
one of the basic questions of lipase-powered nanomotors, but 
also paves a way towards the creation of a fine modulating tool 
of enzyme powered motors, thereby expanding their potential 
applications in both biomedical and environmental fields.  
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The impact of enzyme orientation on the performance of lipase-powered nanomotors was explored and analysed for the first time, 
indicating the hydrophobic interaction is the best strategy for immobilizing lipase to provide a high-efficiency catalysis, thus in turn a 
high-efficiency enhanced Brownian motion, which would be vital in promoting the future applications of enzyme-powered 
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