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Enzyme-powered synthetic colloidal motors hold promising potential for in vivo medical applications
because of their unique features such as self-propulsion, sub-micrometer size, fuel bioavailability, and
structural and functional versatility. However, the key parameters influencing the propulsion efficiency of
enzyme-powered colloidal motors still remain unclear. Here, we report the effect of the neck length of
urease-powered pentosan flask-like colloidal motors on their kinematic behavior resembling the role of
bacterial flagella. The sub-micrometer-sized and streamlined pentosan flask-like colloidal motors with
variable neck lengths are synthesized through a facile interfacial dynamic assembly and polymerization
strategy. The urease molecules are loaded through vacuum infusion technology and thus the urease-
triggered catalytic reaction can propel the pentosan flask-like colloidal motors to move autonomously in
the urea solution. The self-propelled speed of these pentosan flask-like colloidal motors significantly
increases with the elongating neck lengths. The mechanism of the relationship between the neck length
and self-propelled motion is that a longer neck can provide a larger self-propelled force due to the
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larger force area and stabilize the rotation because of the increased rotational friction. This research can

Published on 14 January 2025. Downloaded by Institute of Physics, CAS on 2/6/2025 9:20:12 AM.

rsc.li/soft-matter-journal

1. Introduction

Living microorganisms such as bacteria autonomously move in
the complex environment at an exceedingly low Reynolds num-
ber; thus, their motion is independent on inertia. For instance,
motile bacteria rotate their flagella filaments to break symmetry
and obtain kinetic energy to swim. In this context, many factors
which can affect the self-propelled motion have been studied
such as flagella’s length. It is found that the bacteria with short
flagella have larger rotational diffusion, which can reorient
them fast to find the direction of nutrition gradients; however,
the strong rotation would reduce the bacteria’s ability to follow a
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provide guidance for the design of biomedical colloidal motors.

gradient efficiently. By comparison, those bacteria with longer
flagella can increase drag to better stabilize the direction of
motion so that the bacteria can reduce the dissipation of energy
for their chemotaxis, adapting the complex environments to
survive."” Inspired by motile bacteria, researchers have established
various colloidal motors that can convert chemical fuels®*® or
external energy (e.g., ultrasonic,”™ optical*'' and magnetic'>"?
fields) into mechanical work. These synthetic colloidal motors with
self-propulsion can pass through various biological barriers such
as the mucus barrier' or the tumor interstitial pressure’>'® to
reach the deep region of the lesion site, exhibiting the potential in
the field of precision medicine."” > To this end, they should at
least possess specific features including sub-micrometer sizes,
biocompatibility and biodegradability of fabrication materials
and fuels, high drug loading volume, higher energy conversion,
and controllable motion in biological media.’** Recently,
enzyme-powered flask-like colloidal motors capable of meeting
the above-mentioned requirements have attracted much atten-
tion for practical biomedical applications.>***> However, the
exact role of their flask-like architecture in the conversion of
chemical to mechanical energy and the precise control of
motion is still unclear.

Herein, we prepared sub-micrometer-sized, streamlined and
urease-powered pentosan flask-like colloidal motors with

This journal is © The Royal Society of Chemistry 2025
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different neck lengths and the same hollow round bottom to
investigate the effect of flask-like architecture on their kine-
matic behavior. These pentosan flask-like colloidal motors
powered by the hydrolysis of urea catalyzed by urease in the
hollow cavity can move autonomously. It is found that at
identical reaction rates, the self-propelled velocity increases
with the lengthening neck because of the increased self-
propelled force. Meanwhile, the stochastic rotation of the
pentosan flask-like colloidal motors with a longer neck length
is suppressed because of the increased rotational friction. The
faster and straighter movement of the longer-necked pentosan
flask-like colloidal motors is owing to the increasing transla-
tional energy efficiency. The numerical simulation of the self-
propelled force and velocity as well as fluid flow field analysis
around three kinds of pentosan flask-like colloidal motors
reveals that the longer neck length can increase the self-
propelled force along the moving direction due to the increased
force area, whereas the translational drag slightly changes,
which increases the self-propelled velocity and the straightness
of the self-propelled motion.

2. Experimental
2.1. Materials

Sodium oleate (SO), poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly-(ethylene glycol) (EO,y-PO,,-EO,,, P123),
p-ribose, urease, phosphate buffer saline (PBS), uranyl acetate,
P-nitrophenol and urea were purchased from Sigma-Aldrich. All
chemicals were used without further purification. Ultrapure
water (Millipore) of 18.2 MQ c¢m was used for all experiments.

2.2. Preparation of the pentosan flask-like colloidal motors
with different neck lengths

Pentosan flask-like colloidal motors were synthesized according
to a previous method.*" Briefly, 0.0365 g of SO and 0.0435 g of
P123 were added into 20 mL of deionized water and stirred slowly
to form a clear solution. Then, 40 mL of solution containing 3 g
of p-ribose was added into the above solution. After stirring for
30 min, the solution was transferred to a 100 mL autoclave and
then the autoclave was placed in an oven at 160 °C. After 9 h,
short-necked N100nm pentosan flask-like colloidal particles were
collected and washed by centrifugation. After this, the short-
necked N100nm pentosan flask-like colloidal particles were dried
and stored. Then, 0.5 mg of the short-necked N100nm pentosan
flask-like colloidal particles were added into 1 mL of solution
containing 10 mg of urease. The above solution was then placed
in a vacuum chamber at a pressure of —1 x 105 Pa. Then, the
dispersion was ultrasonically dispersed for 1 h. The short-necked
N100nm pentosan flask-like colloidal motors were washed by
centrifugation using PBS solution (pH = 7.2). Finally, the short-
necked N100nm pentosan flask-like colloidal motors were col-
lected and stored at 4 °C. The medium N300nm and long-necked
N600nm pentosan flask-like colloidal motors were obtained
using the same method except that the time of the hydrothermal
process was changed to 10 and 11 h, respectively.
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2.3. Optical video recording

The self-propelled motion of the pentosan flask-like colloidal
motors was observed using an Olympus IX71 inverted micro-
scope with a CCD camera. The pentosan flask-like colloidal
motors were added into the urea solution first and the disper-
sion was added on a clear glass. The glass was sealed by cover
glass to minimize the flow effect. The thickness of the solution
between the slide and the coverslip was about 10 pum. As the
flask-like colloidal motors were about 500 nm, there was enough
volume for the observation of the flask-like colloidal motors. On
the other hand, it is ensured that the amount of the flask-like
colloidal motors is 5-10 in an area of 200 pm x 400 pm.

3. Results and discussion
3.1. Fabrication and characterization

Urease-powered pentosan flask-like colloidal motors with vari-
able neck lengths were prepared according to a previously
reported method®® with some modifications as schematically
illustrated in Fig. 1a. Briefly, two surfactants, poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly-(ethylene glycol)
(EO»0PO,(EO,o, P123) and sodium oleate, were dissolved in
deionized water to prepare the mixed micelles as the soft
templates. After p-ribose was added, the mixture was transferred
to an autoclave and hydrothermally treated at 160 °C. With the
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Fig. 1 Characterization of urease powered pentosan flask-like colloidal
motors. (a) Scheme of the preparation of pentosan flask-like colloidal
motors. (b) TEM images of the flask-like colloidal motors with different
neck lengths. The insets in (b) are the TEM images of the corresponding
pentosan flask-like colloidal particles. (c) The measurement of the neck
length of different pentosan flask-like colloidal particles. (d) STEM images
and corresponding EDX images for element analysis of the pentosan flask-
like colloidal motors. (e) TGA plots of the pentosan flask-like colloidal
motors and particles with different neck lengths. (f) The reaction rate of the
pentosan flask-like colloidal motors in different urea concentrations.
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polymerization of p-ribose monomers at the interface, these
micelle templates started to swell, which accompanied the
polysaccharide polymer pentosan shell cracking. Meanwhile,
the micelle templates spilled from the cracked region and thus
the polymerization occurred at the new interface to form the
neck of the pentosan flask-like colloidal particles. Finally, the
different neck lengths could be prepared by controlling
the hydrothermal times for 9, 10, and 11 h, respectively. The
transmission electron microscopy (TEM) images in Fig. 1b
illustrate that the three kinds of as-synthesized colloidal motors
with hydrothermal synthesis times of 9 h, 10 h, and 11 h possess
uniform round-bottom flask morphology with a streamlined
spherical bottom and bottleneck. The outer diameters of the
streamlined bottom and the neck opening are 700 & 50 nm and
350 £ 33 nm. A hollow cavity can be clearly observed in these
pentosan flask-like colloidal motors, in which the inner dia-
meter on the hollow cavities of these motors is 550 + 80 nm. By
comparison, the inner diameter of their neck openings gradu-
ally reduces from 300 + 43 nm to 120 £ 23 nm as the increasing
neck lengths. Interestingly, the statistical analysis in Fig. 1c
shows that the neck lengths of these pentosan flask-like colloidal
motors are 107.6 + 13.4 nm (denoted as N100nm), 286.2 +
79.2 nm (denoted as N300nm), and 548.5 &+ 57.3 nm (denoted as
N600nm), which are corresponding to the hydrothermal synth-
esis times of 9 h, 10 h, and 11 h, respectively. This demonstrates
that the neck length of these pentosan flask-like colloidal motors
can be varied by tuning the hydrothermal polymerization time.
To better indicate the existence of enzymes using TEM, the
urease was positively stained by uranyl acetate (UO,(CH3COO),-
2H,0) to enhance its contrast.>” In comparison to the inset in
Fig. 1b, it can be found that dark regions appeared in the
hollow cavities of the obtained pentosan flask-like colloidal
motors. Furthermore, scanning transmission electron micro-
scopy (STEM) equipped with energy-dispersive X-ray spectro-
scopy (EDX) in Fig. 1d displays the uranium (U: magenta)
distribution, exactly overlapped with the dark regions of TEM
images as shown in Fig. 1b, indicating the successful loading of
urease inside the pentosan flask-like colloidal particles. Parti-
cularly, the TEM and STEM images along with corresponding
EDX spectra demonstrate that the urease molecules mainly
distribute in the hollow cavities and thus the urease-catalyzed
reaction can be considered occurring inside the pentosan flask-
like colloidal motors. Besides, the amount of the urease loaded
inside the three kinds of pentosan flask-like colloidal motors is
measured by thermogravimetric analysis (TGA) as shown in
Fig. 1e. The TGA plots show the amount of the urease loaded
inside the N100nm, N300nm and N600nm pentosan flask-like
colloidal motors is about 7.57 wt%, 12.54 wt% and 16.12 wt%,
respectively. More particularly, the enzymatic reaction rate of
three kinds of pentosan flask-like colloidal motors is evaluated
by using the titrimetric method.*® The results in Fig. 1f illus-
trate the identical reaction rate of three kinds of pentosan flask-
like colloidal motors in different urea concentrations, suggest-
ing that the neck lengths have neglectable effect on the reaction
rate at the same substrate concentrations. Hence, the only
difference among three types of urease-powered pentosan

984 | Soft Matter, 2025, 21, 982-988

View Article Online

Paper

flask-like colloidal motors lies in the variable neck lengths,
which is crucial for researching the influence of colloidal
motor’s nanoarchitectures on their self-propulsion behavior.

3.2. Self-propelling motion analysis

The self-propelling motion of shorted-necked (N100nm),
medium-necked (N300nm), and long-necked (N600nm) urease-
powered pentosan flask-like colloidal motors was examined by
employing optical microscopy in the 25 mM urea solution for 2 s.
The time-lapse images show that three kinds of urease-powered
pentosan flask-like colloidal motors autonomously move with
opening forward (Fig. 2a, taken from Videos S1-S3, ESIf). Inter-
estingly, the pentosan flask-like colloidal motors tend to move
along a straight trajectory with increasing neck lengths, in which
the N100nm, N300nm and N600nm pentosan flask-like colloidal
motors show the tumbling, turning and ballistic motions, respec-
tively. The longer motion of the pentosan flask-like colloidal
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Fig. 2 Self-propelled motion of pentosan flask-like colloidal motors. (a)
Time lapse images of the self-propelled motion of the pentosan flask-like
colloidal motors with different neck lengths in the 25 mM urea solution for
2 s. (b) The self-propelled velocity of the pentosan flask-like colloidal
motors with different neck lengths in different urea concentrations. (c) The
directionality (cos 0) of the self-propelled motion of the pentosan flask-like
colloidal motors in the solution with different urea concentrations. (d) The
angular velocity of the pentosan flask-like colloidal motors with different
neck lengths dependent on different urea concentrations. (e) MSAD curves
of the pentosan flask-like colloidal motors with different neck lengths as a
function of 4t in 300 mM urea solution. (f) Rotational diffusion coefficient
of the pentosan flask-like colloidal motors with different neck lengths in
different urea concentrations. (g) AACF of the pentosan flask-like colloidal
motors with different neck lengths in 300 mM urea solution. (h) The
scheme of the reaction occurring in the pentosan flask-like colloidal
motor. (i) The simulation of the urea concentration distribution around
the pentosan flask-like colloidal motor.
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motors with different neck lengths shows that the N100nm
pentosan flask-like colloidal motors will rotate quickly with
the undirected motion, while the N300nm pentosan flask-like
colloidal motors rotate slower and N600nm the slowest, which
suggests that the pentosan flask-like colloidal motors can move
with more directionality (Videos S4-S6, ESIt). Besides, the self-
propelled motion of multiple pentosan flask-like colloidal
motors shows that the pentosan flask-like colloidal motors with
a specific neck length have similar motion behavior (Videos S7-
S9, ESIY). To better understand the underlying mechanism, the
self-propelling velocity was analyzed according to the schematic
illustration in Fig. S1 (ESIt). The direction from the round
bottom to the opening of the pentosan flask-like colloidal
motors is set as the direction vector, and thus the self-
propelling velocity is defined as the velocity projected in the
direction vector. Also, there is a deviation angle 6 between the
apparent moving direction and the direction vector. In this case,
the self-propelling velocity is calculated as follows:

Vpropel = Yact X COS 0 (1)

where Vp,ropel is the self-propelling velocity of urease-powered
pentosan flask-like colloidal motors, vacr is the apparent
velocity which is calculated by the ratio of the total distance
to the total time in one frame. Fig. 2b shows that the self-
propelling velocity of three kinds of urease-powered pentosan
flask-like colloidal motors in the absence of urea is equal to
0 um s '. It is noted that here the self-propelling velocity
excludes the contribution of the Brownian motion. Then, the
self-propelling velocity of three kinds of pentosan flask-like
colloidal motors went up with the increasing urea concentration.
Interestingly, in the same urea concentration, the self-propelling
velocity of the long-necked N600nm motor is approximately
11.12% faster than the medium-necked N300nm and 36% than
the short-necked N100nm. In other words, the self-propelling
forces positively correlate with the neck lengths of pentosan flask-
like colloidal motors. Furthermore, cos 0 is defined as direction-
ality to comparatively analyze the trajectories of pentosan flask-
like colloidal motors.? It can be easily deduced that the pentosan
flask-like colloidal motors moving along the axial direction can
have a directionality of 1 (ie. cos0) for the forward movement
and —1 (cos ) for the backward movement. If a pentosan flask-
like colloidal motor moves along a straight path, cos 6 should be
close to 1. Fig. 2c shows that the directionality of the long-necked
N600nm motors is roughly 15% larger than the medium-necked
N300nm and 65% than the short-necked N100nm in the same
urea concentration. In contrast, the directionality of the Brow-
nian motion in the absence of urea fuels is equal to 0. Besides,
the effect of the neck lengths on the rotational motion of
pentosan flask-like colloidal motors in different urea concentra-
tions is also examined. Fig. 2d displays that the randomly
rotational speed w of three kinds of pentosan flask-like colloidal
motors gradually declines with the increasing urea concentra-
tions. In particular, the long-necked N600nm motors rotate about
19% slower than the medium-necked N300nm and 31% more
than the short-necked N100nm at the same urea concentration.
Further analysis of the mean square angular displacement
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(MSAD) as a function of time interval shows that the longer-
necked pentosan flask-like colloidal motors have lower rotational
diffusion ability (Fig. 2e). For instance, the short-necked N100nm
motors have the largest value of MSAD at 300 mM urea solution.
In addition, the rotational diffusion coefficient D, in different
urea concentrations is calculated as shown in Fig. 2f. It can be
found that, for the Brownian motion, the D, decreases from 1.92
4 0.05 to 1.09 & 0.15 rad® s~ corresponding to the short-necked
N100nm motors and the long-necked N600nm motors. It follows
the Stokes-Einstein-Debye (SED) relationship, indicating that the
larger particles have smaller rotational diffusion. The D, of the
self-propelled motion in the solution with different urea concen-
trations is inversely proportional to the neck lengths. The D, of
the short-necked N100nm decreases about 8.55% to the medium-
necked N300nm and at most 20.94% to that of the long-necked
N600nm. It can be explained as the larger particles have a larger
friction coefficient, which can reduce the rotational ability under
the same conditions. The influence of the neck length of pento-
san flask-like colloidal motors on their reorientation was further
analyzed using an angular autocorrelation function (AACF),*°

AACF = (e, €, (2)

where e, and e, are the unit vector of the self-propelling
velocity at time ¢ and 0. It can be easily derived that the AACF
should be constant for the straight-line motion of the pentosan
flask-like colloidal motors, AACF = 1. As the motion behavior of
the pentosan flask-like colloidal motors changes from ballistic
motion to the enhanced Brownian motion,*' the AACF decays
exponentially in this stage. As shown in Fig. 2g, the AACF of the
short-necked N100nm motors decays faster while the long-
necked N600nm decays slower, indicating that the longer neck
can decrease the rotation of pentosan flask-like colloidal motors
during self-propelling motion. As schematically illustrated in
Fig. 2h, the urease catalyzed reaction occurring inside the pento-
san flask-like colloidal motors produces the gradient of the
reactant (i.e. urea) and the products (i.e. CO, and NH;) around
the colloidal motor. Given that the pentosan flask-like colloidal
motors move from the round bottom to the opening (Fig. 2a), the
self-propelling force should be mainly ascribed to the urea
concentration gradient, which is in agreement with the simula-
tion of the urea concentration field around the pentosan flask-
like colloidal motor (Fig. 2i) according to our previously reported
method.?* Briefly, the direction of the urea concentration gradi-
ent is from the opening to the round bottom, the self-propelled
motion induced by the urease catalyzed reaction should be
against the direction of the urea concentration gradient owing
to the diffusiophoresis. Taken together, it can be found that,
under the same reaction rate as shown in Fig. 1f, the increased
neck length of the pentosan flask-like colloidal motors can
reduce their rotation rate in the self-propelled motion and thus
increase the directionality of the colloidal motors.

3.3. Contribution of translational and rotational motion

To better understand the underlying mechanism, we examined
different dimensionless parameters similar to the Peclet (Pe)
number, which can evaluate the relative importance between
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the deterministic force like the self-propelling force and the
stochastic force such as the Brownian force.*” First, the transla-
tional motion resulting from the self-propelling force can be
analysed as follows:

Pegan = %mel} (3)
where Pe,.., represents the Pe number that compares the ratio
between the self-propelled motion and the translational Brow-
nian motion, a is the characteristic length of the pentosan
flask-like colloidal motors, [Vpropel| is the modulus of the vector
Vpropel in different urea solutions, and Dy is the translational
diffusion coefficient of a passive pentosan flask-like colloidal
particle in the solution with different urea concentrations,
which is inversely proportional to the urea concentration
shown in Fig. S2a (ESIt). As shown in Fig. 3a, the longer-
necked pentosan flask-like colloidal motors have a larger value
of Pe,, in the same urea solution, which corresponds to the
larger self-propelling force translated from the chemical reac-
tion. Meanwhile, the ratio between the translational and rota-
tional motion, Pean_rot, iS described as follows:

‘ Vpropel } ( 4)

Pelran-rot =
ax D;

where D; is the rotational diffusion coefficient of the pentosan
flask-like colloidal motors. According to eqn (4), in the 300 mM
urea solution, the short-necked N100nm, the medium-necked
N300nm and the long-necked N600nm motors have Pe.anrot
values of 38.36 + 3.21, 46.52 + 1.96 and 53.97 + 1.75,
respectively, indicating that the longer-necked pentosan flask-
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Fig. 3 The analysis of the ratio of the translation and rotation motion in
the self-propelled motion of the pentosan flask-like colloidal motors. (a)
The Pe number analysis for the translational motion. (b) The ratio of the
translation and rotation in the self-propelled motion analyzed by the
respective Pe number. (c) The rotational friction coefficient of the pento-
san flask-like colloidal motors. (d) The energetic efficiency of the transla-
tional motion.

986 | Soft Matter, 2025, 21, 982-988

View Article Online

Paper

like colloidal motors have a larger value of Peyanror (Fig. 3b).
Therefore, the longer-necked pentosan flask-like colloidal motors
can generate more translational force and thus the long-necked
N600nm motors are able to move the straightest as shown in
Fig. 2a. Furthermore, the relationship between the rotation of the
pentosan flask-like colloidal motors and their neck lengths can
be analyzed using the rotational friction coefficient ¢,

. kT

r = D

()

Iy

where kg is the Boltzmann constant, and T is the environmental
temperature. D, is the rotational diffusion coefficient caused by
the Brownian motion of the pentosan flask-like colloidal parti-
cles, which is inversely proportional to the urea concentrations as
shown in Fig. S2b (ESIt). Fig. 3¢ shows that the ¢, values of short-
necked N100nm, the medium-necked N300nm and the long-
necked N600nm motors in the 300 mM urea solution are 2.37 X
102! Pa s m?, 2.85 x 107%' Pa s m® and 3.32 x 107%! Pa s m®,
respectively. Obviously, the ¢, value increases with the lengthen-
ing necks, which means the increased rotational drag of the
longer-necked pentosan flask-like colloidal motors.

Finally, the energetic efficiency transferred from the
chemical energy is an important parameter for evaluating the
influence of the neck length.*® The translational energetic
efficiency nuan can be characterized by the Stokes efficiency:**

¢ < Vpropel >2

6
0.5nnm, AYG ©

Ntran =
where nygy, is the rate of NH; evolution each motor. A’G is the
Gibbs free energy of the hydrolysis of urea into NH; and CO,. ¢
is the friction coefficient for the translational motion of the
pentosan flask-like colloidal motors, which can be calculated
from the Einstein-Smoluchowski equation:

kT
= Do ()

The Stokes efficiency reveals how efficiently the pentosan
flask-like colloidal motors can utilize the chemical free energy
to drive the motors through the viscous medium. Fig. 3d shows
that the 7., values are proportional to the urea concentration,
but the ., value of the short-necked N100nm motors is much
smaller than that of the long-necked N600nm at the identical
urea concentration. The finding reveals that the translational
energetic efficiency #.n increases with the lengthening neck;
thus, the longer-necked pentosan flask-like colloidal motors
can convert more energy into the translational motion and tend
to move straighter.

3.4. Mechanism and fluid flow field analysis

As mentioned above, the increasing self-propelled velocity is
proportional to the neck length, which can be ascribed to the
increased self-propelled component. To conduct theoretical
analysis, we parameterize the geometry of the flask-like colloi-
dal motors, as illustrated in Fig. 4a. The outer diameter of the
round bottom and the opening are represented as 2R and d,
respectively. The L represents the neck length. As shown above,
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Fig. 4 The simulation of the self-propelled motion of the pentosan flask-
like colloidal motors. (a) The scheme of the pentosan flask-like colloidal
motors with corresponding parameters in the simulation. The self-
propelled force (b) and the self-propelled velocity (c) with the fitting
curves as a function of the neck length in different urea concentrations.
(d) The fluid flow field around the pentosan flask-like colloidal motors.

R and d are both constant, which are 2.5 x 1077 m and 2 x
1077 m, respectively. The L is variable which varies from
1.076 x 1077 m to 5.485 x 10”7 m. Furthermore, we assume
that the tangential chemical gradient along the motor surface is
constant, which is reasonable due to the small size of the motor.
Thus, the self-propelled force is proportional to the effective
surface area of the motor in the direction of its symmetric axis
and can be roughly calculated as:

Foropel = (Ld + §R2> A (10)

where 4 is a fitting parameter which represents the force per
unit area. The term in the parentheses represents the force area.
Through the data above, the calculated self-propelled force is
proportional to the neck length as shown in Fig. 4b. By fitting
the data in Fig. 4b through eqn (10), it can be found that the
calculated Fpqpe is consistent with the experimental measure-
ments, which can be deduced that the increase of Fproper is
mainly contributed by the increase of the force area. Further-
more, the radius of the round bottom is almost twice than the
opening, so the drag mainly arises from the round bottom; thus,
it is similar for the pentosan flask-like colloidal motors with
different neck lengths. Besides, under the condition with a low
Reynold number, the inertia effect can be negligible; thus, the
self-propelled force can be considered to be equal to the drag.
Hence, the self-propelled velocity can be described by the
following equation:

F
Vpropel = Pmpe}‘ (1 1)
3R+1 L\ g7, 098 0.133
n E — U +?—?
i (@)

where the denominator represents the friction coefficient.*> By
fitting the experimental self-propelled velocity as a function of
the neck length according to eqn (11), it can be found that the
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calculated Vpopel is consistent with the experimental data
(Fig. 4c). Finally, through simulating the fluid flow field around
the pentosan flask-like colloidal motors by using the fluent
(Fig. 4d), it can be found that the amplitude of the flow around
the neck is almost the same. However, there is more surface slip
flow around the longer-necked pentosan flask-like colloidal
motors, hence a larger self-propelled force, consistent with the
above theoretical argument. Consequently, the larger self-
propelled force and similar translational friction make the
longer-necked pentosan flask-like colloidal motors move faster
and straighter (larger rotational friction).

4. Conclusions

We have demonstrated that the self-propelled velocity of the
pentosan flask-like colloidal motors is in proportion to the neck
length while it is reversed for the randomly rotational speed
which is due to the increased self-propelled force and rotational
friction coefficient. The mechanism is that the increased trends
of the self-propelled velocity with the longer neck length result
from the increased self-propelled force and almost unchanged
drag. With the lengthening of the neck, the force area increases;
thus, the self-propelled force also shows an increasing trend. As
the pentosan flask-like colloidal motors move from the bottom to
the opening, the drag is proportional to the cross-sectional area
perpendicular to the symmetric axis. The much larger area of the
round bottom determines that the main drag consumption is
concentrated here which results in the similar drag for the
pentosan flask-like colloidal motors with different neck lengths.
The increased self-propelled force and similar drag result in the
increased self-propelled velocity and straighter motion. Mean-
while, the lengthening neck length enhances the rotational
friction, which results in the decrease of rotational diffusion.
These findings about the sub-micrometer-sized, streamlined, and
urease-powered pentosan flask-like colloidal motors provide a
proof-of-concept design for the colloidal motors to achieve the
application of biomedicine and active drug delivery.
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