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ABSTRACT: Enzyme-powered micro- and nanomotors make use Urease as-received Purification ~ Pure urease hexamer
of biocatalysis to self-propel in aqueous media and hold immense " (Ur-hex)
promise for active and targeted drug delivery. Most (if not all) of
these micro- and nanomotors described to date are fabricated
using a commercially available enzyme, despite claims that some
commercial preparations may not have a sufficiently high degree
of purity for downstream applications. In this study, the purity of Improved enzyme loading  Improved self-propulsion
a commercial urease, an enzyme frequently used to power the
motion of micro- and nanomotors, was evaluated and found to be
impure. After separating the hexameric urease from the protein
impurities by size-exclusion chromatography, the hexameric _Ur-AR Ur-hex
micromotor micromotor
urease was subsequently characterized and used to functionalize
hollow silica microcapsules. Micromotors loaded with purified urease were found to be 2.5 times more motile than the same
micromotors loaded with unpurified urease, reaching average speeds of 5.5 ym/s. After comparing a number of parameters,
such as enzyme distribution, protein loading, and motor reusability, between micromotors functionalized with purified vs
unpurified urease, it was concluded that protein purification was essential for optimal performance of the enzyme-powered
micromotor.

Ur-hex micromotor
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nzyme-powered micro- and nanomotors (EMNMs) are Overcoming these challenges is a high priority in the field of
E particles that self-propel due to a chemical reaction EMNMs. Fortunately, there has been a lot of incentive to

catalyzed by an enzyme attached to the particle’s surface. understand the underlying fundamental aspects of EMNM
Catalytic self-propulsion of micro—nanomotors has been motion in recent years, but improvements to the motors’ self-
demonstrated for a number of highly efficient enzymes, propulsion properties have mostly been focused on changing the
including catalase,' ™ urease,"”'* and lipase,"*'* as well as shape and distribution of the enzyme on the surface of the
combinations of multiple enzymes, such as catalase and glucose particle. What is more, and to the best of our knowledge, all
oxidase."" ™"’ These microscopic sized motors have been EMNMs reported in the literature have been fabricated using

intensely studied for their biomedical applications, where they
show great potential to be used as active drug delivery vehicles
for site-specific cancer therapies. Indeed, compared to their
inorganic counterparts, enzyme-powered micro- and nano-
motors are more biocompatible, as enzymes are highly specific
to their bioavailable fuels, and thus produce fewer toxic
byproducts.””~>* Although there has been demonstrative
progress recently for enzyme-powered micro- and nanomotors

unprocessed, commercially supplied enzymes. As pointed out by
Zhang and Hess,”” enzyme products bought commercially are
often mixtures of isoenzymes with different molecular weights,
which could have different kinetic properties. Seeing as most
enzyme immobilization strategies for fabricating EMNM:s are
nonspecific (most of which rely on functionalizing the particles

reaching the clinic, there are still a number of biochemical and Received:  November 26, 2021
biophysical challenges associated with EMNM propulsion in AC“‘_P““{: March 16, 2022
biological fluids that have to be overcome in order for EMNM- Published: March 28, 2022

based therapies to reach their full potential. Indeed, biological
fluids tend to be highly viscous and have a high saline content,
both of which affect EMNM self-propulsion.””>°
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Figure 1. Purification of commercial urease type IX (Sigma-Aldrich) and characterization of postpurification products. (A) Scheme of the
purification of urease as received (Ur-AR) by size-exclusion chromatography (SEC) and analysis of urease by SDS-PAGE before purification, as
well as the SEC fractions (postpurification). (B) Reducing SDS-PAGE gel showing the protein composition of Ur-AR. (C) SEC chromatograms
of the Ur-AR purification (with major peaks highlighted in blue, purple, and orange) and gel filtration protein standards (670 and 158 kDa
protein peaks correspond to thyroglobulin and bovine y-globulin, respectively). (D) Reducing SDS-PAGE gel showing the fractions
corresponding to the three major SEC peaks found in C. (E) Michaelis—Menten fits of the recorded reaction rates for urease activity from the
fractions corresponding to SEC peaks P1, P2, and P3. (F, G) Characterization by dynamic light scattering of urease samples before (F) and after

(G) purification.

with a coupling agent that covalently bonds to surface lysines),
more careful consideration should be given to analyzing the
protein species that are present in the commercial enzyme
product.

The study performed here seeks to investigate how enzyme
purity affects the self-propulsion of EMNMs, using urease as an
example. After determining that the urease reagent used by
many groups to make EMNM:s constitutes an impure mixture of
proteins of different molecular weights, we have been able to
isolate the pure urease hexamer using size-exclusion chromatog-
raphy. This pure urease sample was then used to functionalize
hollow silica microcapsules (HSMCs), and the resulting
micromotors showed significantly enhanced self-propulsion
compared to micromotors functionalized with unpurified
urease. Micromotors functionalized with pure urease also
demonstrated better reusability and propelled with less protein
attached compared to their impure counterparts. The role of the
impurities on self-propulsion was evaluated; we found that the
impurities significantly hinder motor motility and speed. Finally,
an asymmetric distribution of urease was found for both types of
motors, ruling out the possibility that the enhanced propulsion
could be due to differences in the enzyme distribution.
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RESULTS/DISCUSSION

Urease Purification. The commercial as-received urease
type IX from Canavalia ensiformis (jack bean), supplied by the
company Merck (previously Sigma-Aldrich), is reported to be
composed of one major protein species with a molecular mass
range of 440—480 kDa and two less abundant protein species
with molecular mass ranges of 230—260 and 660—740 kDa.”**’
Although unspecified in the suppliers’ documentation, it is
presumed that the species with a molecular mass of 440—480
kDa corresponds to the native hexameric conformation for jack
bean urease, though it is widely reported to have a molecular
weight of 540 kDa, equivalent to the combined sum of the six
identical subunits of ~90 kDa composing its structure.’ It is
also not specified in the suppliers’ documentation whether there
are any protein impurities found in the urease type IX
preparation from Sigma-Aldrich nor whether the protein species
of various molecular weights all possess enzymatic activity
toward urea. To investigate this further, the urease type IX as-
received (Ur-AR) in this study was analyzed by SDS-PAGE, and
urease hexamer was subsequently purified by size-exclusion
chromatography (Figure 1A).

https://doi.org/10.1021/acsnano.1c10520
ACS Nano 2022, 16, 5615-5626
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Scheme 1. Fabrication of urease motors. (A) Synthesis steps for the three different urease motors described in this work. Ur-hex
and Ur-agg are represented as the same motor because in both cases the urease is pure (see Figure 1D). (B) TEM image of the
hollow silica microcapsules (HSMCs) before functionalization with urease.
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Under reducing conditions, two major proteins species were
found represented by two distinct bands on the polyacrylamide
gel: one broad band at the expected molecular weight for
monomeric urease (~91 kDa) and another band between 37
and 50 kDa, representing approximately 40% of the total protein
mass (according to a quantification of the gel bands in Image_])31
and corresponding to an unknown protein impurity (Figure 1B).
The SDS-PAGE thus confirmed that the Ur-AR from the
commercial supplier was not pure. The size-exclusion
chromatography (SEC) of Ur-AR vyielded three observable
peaks in the absorbance at 280 nm, confirming the presence of
the three protein species of different molecular mass ranges
disclosed in the suppliers’ documentation (Figure 1C). An
additional SDS-PAGE of the fractions corresponding to the
maxima of the three SEC peaks confirmed that the
chromatography successfully separated the hexameric urease
(Ur-hex), found mostly in peak 2, from the protein impurity
(Ur-imp), which eluted in peak 3, and an aggregated urease form
(Ur-agg) in peak 1 (Figure 1D).

To determine the identity of the protein impurity found in
peak 3 of the SEC of Ur-AR, the corresponding band in the SDS-
PAGE gel was excised, digested with trypsin, and analyzed by
liquid chromatography tandem mass spectrometry (LC-MS/
MS). The resulting peptides were searched against Arabidopsis
thaliana Swissport release 2021 and the common contaminants
databases; with a coverage of 75% of the protein, the database
search concluded that the protein impurity was canavalin
(UniProt accession number: P50477), a major storage protein
injack bean.>*~>* The structure of canavalin is trimeric, and with
each subunit possessing a molecular mass of 50.3 kDa (matching
the band cut out of the SDS-PAGE gel in Figure 1B and D), this
would equate to a molecular mass of ~150 kDa for the trimer. It
was unclear why there was a second band in the lane
corresponding to SEC peak 3 on the SDS-PAGE gel (Figure
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1D) at the expected molecular weight for urease monomer, but it
was hypothesized that this could correspond to trimeric urease
(expected molecular mass of ~272 kDa), which might be
interacting in some way with the canavalin to coelute in the same
SEC peak. To investigate this further, P3 was further analyzed by
SEC-MALS (Figure S1 and Table S1). The results of the SEC-
MALS run on P3 confirmed that this sample was a composite of
protein species: 51.41% of the mass fraction corresponded to the
canavalin contaminant (measured molecular mass of 143 kDa),
27.49% corresponded to trimeric urease (measured molecular
mass of 254.35 kDa), and 21.11% corresponded to hexameric
urease (molecular mass of 532.55 kDa).

The catalytic activity of the three SEC peaks was characterized
by means of a urease assay (Figure 1E). By fitting the change in
reaction rate to increasing substrate (urea) concentration to a
Michaelis—Menten equation and comparing the derived kinetic
parameters, we observe that SEC P2 (corresponding to Ur-hex)
has the highest turnover number (k, = 1421 s7!, see Table S2).
Although this is apparently lower compared to the turnover
values cited in the literature for the same enzyme,*> we believe
this is a more accurate determination of the urease activity of the
native hexameric enzyme, as this was measured subsequently to
its purification. Indeed, as evidenced by dynamic light scattering
(DLS), the Ur-hex sample shows much more monodispersity in
that a single peak is observed, compared to the Ur-AR and Ur-
imp samples, with Ur-AR displaying a particularly high degree of
polydispersity (Figure 1F and G). The measured hydrodynamic
radius of urease in the Ur-hex sample is 7.9 nm, which correlates
with the measured hydrodynamic radius of urease found in
previous 1rep01rts.36’37

It is thought that urease is capable of dissociating in the
presence of its substrate, urea, at concentrations higher than the
Ky Enzyme dissociation can be misinterpreted as enhanced
diffusion, as the smaller enzyme oligomers diffuse faster in

https://doi.org/10.1021/acsnano.1c10520
ACS Nano 2022, 16, 5615-5626
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Figure 2. Analysis of localization clusters on surface of urease micromotors. (A) Upper panels: Density maps of localizations detected by
STORM superposed over low-resolution images of three representative Ur-hex motors, with color bars showing the relative density in
probability values; lower panels: clusters of localizations found using the Matlab clustering algorithm. (B) Same as in panel A, but for three

representative Ur-AR motors.

solution.””**~*" While investigating this report of urease
dissociation using DLS and SEC, we found no evidence for
this phenomena, even at urea concentrations well above Ky,
(Figure S2 and Figure $3).*° Indeed, in the presence of 0.2 M
urea, the peak measured by DLS at a hydrodynamic radius
corresponding to urease becomes slightly smaller (characteristic
of enhanced diffusion), but does not split, as claimed by Jee et
al.® We do however observe peaks at a higher radius in the
presence of urea, indicative of protein aggregation. We believe
that this protein aggregation occurs as a result of the chaotropic
nature of urea, which perturbs the hydrophobic effect
maintaining the protein’s solubility and causes urease to
denature and thus aggregate.*'

Micromotor Fabrication and Characterization. Non-
Janus hollow silica microcapsules were chosen to demonstrate
the enhanced self-propulsion properties of micromotors
functionalized with purified urease, due to their ease of surface
modification and their proven efficacy for exhibiting enzyme-
powered motion in a propulsive regime.”>*>** Silica particles
are also biocompatible, making them suitable for downstream
biomedical applications, and the surface chemistry is well
understood.”**~*® The HSMCs were synthesized according a
procedure previously described,*” with the exception of an
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additional step of 3-aminopropyltriethanolamine (APTES)
functionalization after creation of the silica layer on top of the
polystyrene (PS) core (step 1 in Scheme 1). This additional step
allowed for more APTES reactive groups to be present on the
outer surface of the microparticle, in order to increase
glutaraldehyde (GA)/urease loading on the outside of the
particles in steps 3 and 4 of Scheme 1. The positive effect of
glutaraldehyde cross-linking on protein stability, and in some
cases on enzyme biocatalytic activity, is also well-documented
(reviewed in ref 47). The synthesized microparticle (after step
2) was analyzed by TEM (Scheme 1B) to verify that the extra
APTES had no effect of compromising the structure of the
particle, and the {-potential was recorded at each step to verify
the success of the functionalization process (Figure S4). A total
of four types of micromotors were synthesized: Ur-AR motors,
HSMCs functionalized with the unpurified Ur-AR enzyme
sample; Ur-hex motors, HSMCs functionalized with purified Ur-
hex enzyme sample (P2 in Figure 1C); Ur-agg motors, HSMCs
functionalized with the aggregated from of urease (P1 in Figure
1C); and Ur-imp motors, HSMCs functionalized with the
impurities from the SEC purification of Ur-AR (P3 in Figure
1C).

https://doi.org/10.1021/acsnano.1c10520
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Figure 3. Motion characterization of urease micromotors. (A) Measured protein content immobilized onto HSMCs for Ur-AR (green bar), Ur-
hex (purple bar), Ur-agg (pink bar), and Ur-imp (orange bar) motors. (B) Average mean-squared displacement (MSD) of the Ur-AR (green),
Ur-hex (purple), Ur-agg (pink), and Ur-imp (orange) motors with 0.2 M urea. (C) Average speed of the Ur-AR (green bar), Ur-hex (violet bar),
Ur-agg (pink bar), and Ur-imp (orange bar) with 0.2 M urea and the Brownian motion (BM) (speed in the absence of fuel) of Ur-imp motors
(black bar). The p values determined from pairwise t tests are represented in panels B and C in the New England Journal of Medicine (NEJM)
format: *¥*: p value < 0.001; **: p value < 0.01; *: p value < 0.05; ns: nonsignificant. (D) Average MSD of the Ur-hex motors at 0, 10, 50, 100,
and 200 mM urea (light to dark purple). (E) Average speed of the Ur-hex motors at 0, 10, 50, 100, and 200 mM urea (light to dark purple). (F)
Michaelis—Menten fit of the data for the activity assays for soluble Ur-hex (blue line and spheres, left y-axis, same data as shown in Figure 1E)
compared to the Michaelis—Menten fit of the Ur-hex motor self-propulsion speeds at different concentrations of urea (red line and spheres,

right y-axis, same data as shown in panel B).

To study the enzyme coating of the micromotors, Ur-AR
(which contained impurities) and purified Ur-hex enzyme
samples were labeled with a Cy5 fluorescent dye and used to
functionalize the microparticles, in a similar procedure to that
previously described.* Then, the resulting micromotors were
imaged by STORM super-resolution microscopy (Figure 2).
The 2D STORM images obtained were further analyzed using a
Python script to generate heat maps of localization density (top
panels of Figures 2A and 4B), as well as a clustering script written
in Matlab to analyze the characteristics of the localization
clusters found on the Ur-AR and Ur-hex motors, which included
cluster size, diameter, density, and clusters per particle (Figure
SS).

Both Ur-AR and Ur-hex motors showed an asymmetric
distribution on the microparticles, similar to the results obtained
by Patifio et al. (2018).** Moreover, the clusters on each type of
Ur-AR and Ur-hex motors showed no significant difference in all
of the parameters used to characterize them (Figure S5). The
cluster size for both types of motors was ~350 localizations per
cluster, the density was ~1.7 localizations per nm, the average
cluster diameter was ~220 nm, and ~7.6 clusters were found per
particle. It can be concluded from these data that the impurities
only seem to affect enzyme distribution minimally on the surface
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of the particles, as a slightly higher number of clusters and cluster
density could be found for the Ur-hex motors (Figure SSD and
B, respectively).

The self-propulsion characteristics for the four types of
micromotors were assessed by optical tracking of single particles
in the microscope, and the motion of at least 15 particles
(recorded for at least 15 s) for each type of micromotor was
analyzed using a custom-made Python script, as previously
described in the works of Samuel Sanchez and coauthors (see
Methods/Experimental section).zs’“’“’48 The mean-squared
displacement (MSD) and average propulsive speed for each type
of micromotor, along with their respective immobilized protein
content, is plotted in Figure 3. Although the measured protein
content on the Ur-AR motors is higher than that of the Ur-hex
(Figure 3A), both the MSD and the average speed of the Ur-hex
motors is significantly enhanced (p value < 0.001) compared to
the Ur-AR motors (Figure 3B and Figure 2C). Indeed, the Ur-
hex motors could reach an average propulsive speed of up to 5.5
pum/s, which is in a similar range to the highest speed recorded
for a non-Janus urease-powered micromotor (Video Sl).43
Moreover, the MSD and speed of the Ur-hex motors increase
with increasing concentration of the urea substrate (Figure 3D
and E, respectively); this increase in speed could be fit to the
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ACS Nano 2022, 16, 5615-5626


https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c10520/suppl_file/nn1c10520_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c10520/suppl_file/nn1c10520_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c10520/suppl_file/nn1c10520_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c10520/suppl_file/nn1c10520_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c10520/suppl_file/nn1c10520_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c10520/suppl_file/nn1c10520_si_002.mp4
https://pubs.acs.org/doi/10.1021/acsnano.1c10520?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c10520?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c10520?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c10520?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c10520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

WWW.acsnano.org

) B

(2]
o
1

Immobilised protein (%
N (2 >
. 2. °

=
o
1

o
1

No BSA 1/8 BSA 1/4 BSA 1/2BSA 3/4BSA Ur-AR

Fraction of BSA added to Ur-hex

@)

Speed (um/s)

& & & & &
O

¥ »\\“’Q’ NGNS
Fraction of BSA added to Ur-hex
Il Ur-hex (no BSA)

I 1/8 BSA, 7/8 Ur-hex

Brownian motion

I 1/4 BSA, 3/4 Ur-hex
[ 1/2 BSA, 1/2 Ur-hex

B

704

604

504

—
L9

3 404

MSD (pm

0.4

50

3/4 BSA, 1/4 Ur-hex
Ur-AR

Figure 4. Influence of protein impurities on mobility of urease micromotors. All plots follow the color legend at the bottom of the figure, and the
urea concentration for all plots is 0.2 M. (A) Portion of immobilized protein from the 200 sg/mL used to functionalize the urease micromotors
with different fractions of BSA to Ur-hex. (B) Average MSD, (C) average speeds, and (D) representative trajectories of the BSA/Ur-hex urease
micromotors over 15 s. The p values determined from pairwise t tests are represented in panel C in the NEJM format: ***: p value <0.001; **: p
value < 0.01; *: p value < 0.05; ns: nonsignificant. The p values in purple are being compared with the Ur-hex (no BSA) motors, p values in
green are being compared with Ur-AR motors, and p values in gray are comparing the 3/4th BSA with the Brownian motion control.

Michaelis—Menten enzyme kinetics equation (Figure 3F),
similarly to previously described urease micromotors.”'%***

The Ur-agg motors also had significantly higher MSD and
speed compared to the Ur-AR (p value < 0.05), demonstrating
that purified urease enhances micromotor self-propulsion even
in its aggregated form (Figure 3B and C). Nevertheless, the Ur-
agg motors did not reach the same motility observed for Ur-hex
motors, despite both soluble forms of Ur-hex and Ur-agg having
very similar kinetic properties (Figure 1E and Table S2). It is
likely that the urease active sites on the surface of the particles
are less accessible when the purified urease is aggregated. Thus,
the reaction rate, and by consequence the self-propulsion, is
slower for the Ur-agg motors compared to the Ur-hex motors.

For the Ur-imp motors, there was no significant difference
found when comparing the propulsive speed in the absence and
presence of the 0.2 M urea fuel (Figure 3C). This result was to be
expected given that the Ur-imp sample, which corresponds to
the SEC P3 in Figure 1, is primarily composed of the catalytically
inert protein impurity found in the Ur-AR commercial
preparation.

Influence of Protein Impurities on Micromotor Motion
and Enzyme Distribution. To study how protein impurities in
the commercial sample might affect the self-propulsion of urease
micromotors, a series of micromotors were functionalized with
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varying ratios of purified urease and bovine serum albumin
(BSA). In this case, BSA was used as an inert protein to replace
the canavalin, which we were unable to isolate from the Ur-AR
preparation due to its coelution with urease during the SEC
purification (Figure 1D). Indeed, BSA was chosen not only
because of its wide use as a nonreactive protein but also owing to
its similar pI and hydrophobicity to canavalin (Table S3). To
this effect, the motion of the Ur-hex motors (no BSA) was
compared to that of motors functionalized with a 1/8th to 7/8th,
1/4th to 3/4th, 1/2 to 1/2, and 3/4th to 1/4th BSA to Ur-hex
ratio (Figure 4). These motors were also compared to Ur-AR
motors, which contain canavalin.

Although the protein concentration used to functionalize all
motors was adjusted to approximately 200 ug/mL, the
determined amount of protein immobilized onto the HSMC
particles varied (Figure 4A). These differences could be
explained by taking into account the lower molecular mass of
BSA (~ 66 kDa compared to the 545 kDa of the urease
hexamer).

When comparing the average MSDs and speeds of the six
different micromotors, it is apparent that the motion of the
urease micromotors is tolerant to lower amounts of BSA (1/
8th), but that mobility drops substantially with increased BSA
concentration (Figure 4B, C, and D and Video S2). Moreover,
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the speed of the Ur-AR seems to be most comparable to the
motors functionalized with 1/2 BSA, themselves showing a 55%
drop in speed compared to the Ur-hex motors with no BSA,
evidencing the dramatic effect that impurities binding to the
particle exert on its self-propulsion (Figure 4C and Video S2).

Enhanced Properties of Purified Urease Motors. In
order to highlight the clear advantages offered by the Ur-hex
motors compared to the Ur-AR, the influence of immobilized
enzyme quantity and reusability of both urease motors was
studied. Regarding the influence of immobilized enzyme
quantity, Ur-hex motors were found to have enhanced motion
compared to the Ur-AR motors with less immobilized enzyme
(Figure S). Indeed, the MSD and speed of the Ur-AR motors for
64 and 84 mg/mL of immobilized urease (Figure SA and C)
were 22 times and 2.6 times lower, respectively, compared to the
MSD of the Ur-hex motors at similar concentrations of
immobilized urease (Figure SB and C). Given that the
proportion of canavalin in the Ur-AR sample is estimated to
be approximately 40%, a motion enhancement of the micro-
motors of at least 2-fold was to be expected for the particles that
are coated with pure urease. We also observe that the MSD of
the Ur-AR motors drops suddenly below 80 mg/mL of attached
urease, a similar result as has been described previously for the
same micromotors (Figure SA).** This could be due to there not
being enough urease to power the motion of Ur-AR motors
below 80 mg/mL, with a significant portion of the attached
protein being the canavalin impurity. In the case of Ur-hex,
although a similar drop in the MSD to the of Ur-AR could be
observed between 62 and 34 mg/mL, the MSD was lower when
more urease (80 and 100 mg/mL) was attached to the motors
(Figure SB). This effect could be due to enzyme overcrowding
on the particle surface, which can result in lower enzymatic
activity due to steric hindrance.””*" Although (to the best of our
knowledge) this behavior has not been observed for urease
micromotors before, Yang et al. do observe a similar trend for
their MOFtors, where an increase in catalase loading resulted in
less generation of the O, product.” Thus, the optimal
concentration of immobilized urease for self-propulsion of Ur-
hex motors is ~60 mg/mL.
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Motor reusability is a parameter routinely studied, especially
in the context of environmental applications, as the micromotors
need to be recuperated from reaction once it is over, which
increases the micromotors’ cost-efficiency.””~>° Reusability has
been demonstrated for Janus micromotors functionalized with
urease, but only in the context of motion control.” In the study in
question, the motors were exposed to a Hg" urease inhibitor to
stop motion, and the authors demonstrated that motion could
be regained following an injection of dithiothreitol (DTT),
which removes the inhibitor, with little to no effect on the
performance of the motor. In these “on—oft” cycles, the urease-
powered motion of the micromotors appears to be mostly
unaffected, even after 8 cycles.

The reusability of the motors in this study was evaluated by
exposing the urease on the motors to repetitive incubations with
0.2 M urea, with the intention of evaluating the effect of
repetitive rounds of catalytic turnover on the motors’ self-
propulsion. Unlike the study previously mentioned, nothing
more was added to the motors apart from the urea substrate, as
this experiment did not seek to study motion control, but rather
evaluate the effect of substrate exposure on the motion of the
micromotors. This experimental setup is represented in Figure
6A. Briefly, videos of the Ur-AR and Ur-hex motors were
recorded using the same experimental setup described
throughout this work before exposing the stock solution of the
motors to urea. Then, 0.2 M urea was added to the stock solution
of both motors and allowed to react with the urease for 30 min.
After washing the particles thoroughly from any excess urea
leftover from the reaction, another set of videos was recorded.
This cycle was repeated twice, after which point the self-
propulsion of both motors was significantly reduced. Never-
theless, the Ur-hex were the only motors to retain some motion
after two rounds of incubation with the substrate (Figure 6B—G,
Video S3). This is most likely a result of there being more initial
active urease on the particles, because both motors follow the
same downward trend in their average speeds (Figure 6B) and
MSDs (Figure 6D—G). Therefore, we hypothesize that the
reusability of the urease motors is affected by enzyme
deactivation, which occurs as a result of repeated exposure to
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Figure 6. Reusability of urease motors. (A) Schematic diagram of reusability experiment. An aliquot of both motors was used to visualize the
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Brownian motion of Ur-AR and Ur-hex motors are also represented in all plots in shades of gray.
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the substrate and consequently to the ammonia ?roduct, both of
which have been reported to poison urease.’>*

CONCLUSIONS

In this work, we have demonstrated that the urease sample used
by many groups to functionalize micro/nanomotors contains
protein impurities and that motors functionalized with purified
urease exhibit improved self-propulsion compared to those
functionalized with the impure commercial urease preparation.
We have also demonstrated that the presence of inert impurities
in the protein samples used to functionalize the micromotors
results in less active urease binding to the particle and thus
slower motors. Moreover, we find no differences in the enzyme
distribution on the surface of the particles between the Ur-AR
and Ur-hex motors, which both result in an asymmetric
distribution. Finally, the critical concentration necessary to
self-propel Ur-hex motors is lower than that of the Ur-AR, and
Ur-hex motors can be reused more than the Ur-AR. Both are a
consequence of higher active enzyme loading on the particles
when using a purified urease sample.

This work illustrates the necessity to evaluate the purity of the
enzyme samples used to fabricate enzyme-powered micro/
nanomotors, especially when using a protein immobilization
strategy involving a chemoligation between surface lysines and
linker molecules with terminal NHS esters (e.g., EDC/NHS) or
aldehydes (e.g, glutaraldehyde). Indeed, lysines can be found on
the surface of virtually all proteins, although in varying
prevalence. As an alternative to protein purification, a more
specific immobilization strategy could be adopted; strategies
that rely on a protein tag, such as biotin, which reacts with
streptavidin linkers on the particle surface,”'*® avoid binding of
undesirable protein impurities and could potentially improve
micro/nanomotor self-propulsion.

Protein stability may also be lost by purifying out potentially
stabilizing protein species found in commercial samples, which
in turn might have a deleterious effect on motors’ lifetime.
Future work on increasing protein stability on the surface of
nano/micromotors should evaluate the suitability of less bulky
chemical stabilizers, such as polyethylene glycol (PEG),***” that
would not interfere with the chemoligation of the protein onto
the surface of the particles.

METHODS/EXPERIMENTAL

Purification of Urease from Canavalia ensiformis. Approx-
imately SO mg of jack bean urease from C. ensiformis (type IX, Sigma-
Aldrich cat. no. U4002) was solubilized in PBS (pH = 7.4) and loaded
onto an ENrich SEC 650 10 X 300 size-exclusion column (Biorad cat.
no. 780-1650), pre-equilibrated in the same buffer. The column was
mounted on an NGC Quest 10 chromatography system (Biorad). Two
successive chromatography runs were performed, with fraction sizes of
0.5 mL, which were collected in the same tubes; thus the final volume of
the fractions was 1 mL. The fractions corresponding to the major peaks
in the chromatogram were concentrated using a Vivaspin 500
Centricon (MWCO: 30 kDa, Sartorius cat. no. VS0122), mixed with
4x SDS loading buffer (composition: S0 mM Tris-HCI pH 6.8, 2%
sodium dodecyl sulfate, 10% glycerol, 1% B-mercaptoethanol, 12.5 mM
EDTA, 0.02% bromophenol blue) and heated to 95 °C for 10 min. The
denatured protein samples were loaded onto a 10% SDS Mini-Protean
precast gel (Biorad cat. no. 4568036), along with a Precision Plus
Protein all blue prestained protein standards ladder (Biorad cat. no.
1610393), in a Mini-Protean Tetra electrophoresis cell. SDS-PAGE gels
were stained with InstantBlue (Expedeon cat. no. ISBOIL).

Dynamic Light Scattering. The hydrodynamic radius of the
urease samples was determined by DLS using a Wyatt Mobius light
scattering instrument. The unlabeled enzyme samples were diluted to a
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concentration of 30 nM with 1X PBS that had been filtered through a
0.22 pm pore. Light scattering measurements were performed using
disposable cuvettes to avoid sample contamination.

Urease Activity Assays. The assays used to characterize urease
activity were based on the Berthelot method.®”" Briefly, in a 96-well
plate, reactions of 50 uL of urea solubilized in 1X PBS at a set
concentration were mixed with SO uL of soluble urease (diluted to a
final concentration of 0.5 nM in 1X PBS) or particles and incubated for
2 min at RT. Wells containing 0—200 M ammonium chloride solution
(NH,C], Sigma-Aldrich, cat. no. 254134) were prepared alongside the
assays in order to make a calibration curve to quantify ammonium
production. To stop the ureolytic reactions, 80 uL of phenol
nitroprusside solution (Sigma-Aldrich, cat. no. P6994) was added to
each assay and calibration standard, followed by 40 uL of an alkaline
hypochlorite solution (Sigma-Aldrich, cat. no. A1727). The plates were
mixed thoroughly, then incubated for 30 min at 37 °C, before reading
the absorbance of the plate at 630 nm. The rate of the urease reaction
was determined using the NH,ClI calibration curve.

Synthesis of Hollow Silica Microcapsules. The HSMCs were
synthesized by growing a layer of silica dioxide on top of 2 ym particles
based on PS (Sigma-Aldrich cat. no. 78452) according (but with slight
modifications) to a co-condensation method previously de-
scribed.*”*>*® Briefly, 1 mL of ethanol 99% (PanReac AppliChem
cat.no. 131086-1214) and 0.8 mL of ultrapure water were added to S00
UL of PS particles, followed by 25 yL of ammonium hydroxide (28—
30%, Sigma-Aldrich cat. no. 221228). This mixture was left to
magnetically stir for S min, after which point 5 uL of APTES (99%,
Sigma-Aldrich cat. no. 440140) was added, and the reaction was left to
proceed for 6 h. Then, 7.5 uL of tetraethylorthosilicate (TEOS, >99%,
Sigma-Aldrich cat. no. 86578) was added to the particle mixture, and
the reaction was left overnight at RT. The resulting particles were
washed three times with ethanol by centrifuging them at 3500 rpm for
3.5 min. After the final wash, 50 uL of APTES was added to 950 uL of
particles, and the reaction was mixed for S h. Unreacted APTES was
removed with one wash in ethanol and three washes in
dimethylformamide (DMF, 99.8%, Sigma-Aldrich cat. no. 319937),
mixing for 15 min between washes, the later also serving to remove the
PS. An additional three washes in ethanol were necessary to remove the
excess DMF, and the synthesized HSMCs could be stored at 4 °C or
further functionalized (vide infra). The size and morphology of the
HSMCs were characterized by TEM.

Functionalization of HSMCs with Enzyme Samples. The
HSMCs were functionalized with glutaraldehyde (GA) and urease
following a protocol that has been previously described.*” Briefly, the
HSMC particles were washed three times with ultrapure water, then
once with 1x PBS pH 7.4, before 100 uL of 25% GA (Sigma-Aldrich
cat. no. G6257) was added to the particles, previously resuspended in
1X PBS (GA final concentration = 2.5%). This mixture was left to mix
for 2.5 h. The newly GA-functionalized HSMCs were subsequently
washed three times with 1X PBS and resuspended again in one of three
enzyme mixtures: (1) 3 mg/mL of urease type IX powder solubilized in
1X PBS to make the Ur-AR motors, (2) 100—200 yg/mL (depending
on the yield of the purification, see Purification of Urease from
Canavalia ensiformis section) of purified hexameric urease to make the
Ur-hex motors, or (3) 100—200 pg/mL (also depending on the urease
purification) of protein impurities found in the urease powder to make
the Ur-imp motors. Regardless of the enzyme sample used to
functionalize the particles, the solution was mixed overnight at RT,
after which the particles were washed three times in 1X PBS, collecting
the supernatants from each wash for total protein quantification. Either
the resulting urease motors were stored at 4 °C, or an aliquot of 50 uL
was diluted in ultrapure water and washed three more times in ultrapure
water for optical tracking experiments.

Total Protein Quantification of Enzyme-Functionalized
HSMC Particles. Total protein quantification was calculated following
a similar procedure to that described by Arqué et al.* Briefly, the
protein concentrations of the Ur-AR, Ur-hex, and Ur-imp enzyme
samples used to functionalize the particles, as well as the supernatants
from the three postfunctionalization washes in 1X PBS, were
determined using a Pierce BCA protein assay kit (Thermo Fisher cat.
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no. 23227). The protein detected in the supernatant served to establish
the quantity of protein that had not reacted with the GA; thus the
quantity of enzyme that had been successfully immobilized onto the
particles could be determined by subtracting the protein found in the
supernatants from the initial protein concentration used for particle
functionalization.

Optical Video Recording. Videos of the urease micromotors were
recorded using a Hammatsu C11440 digital camera mounted onto an
inverted optical microscope (Leica DMi8), using a 63X water
immersion objective. A S uL drop of the urease micromotor solution
(prepared in water) was mixed with S uL of either water (to record
samples in the absence of fuel) or urea (generally 0.4 M in water, which
when mixed with the motors reaches a final concentration of 0.2 M).
The glass slide was covered with a coverslip, and videos of at least 15 s at
25 frames/second were recorded for the first minutes after mixing. A
total of at least 15 particles were recorded for each urease micromotor
and/or for each specified condition studied.

Particle Tracking and Motion Analysis. The recorded videos
were analyzed using a custom-made Python script, capable of tracking
the trajectories of the particles and calculating the MSD using the
following equation:

MSD(At) = Z (x(t + At) — x(t))
i—0 (1)

where t is the time and i = 2, for an analysis in 2D. The propulsive speed
(v) was derived from the fitting of the MSD to the following equation:

MSD(At) = 4Dt + vt (2)

where D, is the diffusion coefficient and v is the speed in a propulsive
regime, when t < 7,, with 7, being the rotational diffusion time and ¢ the
time of the MSD in question.*>*

Data Processing of Motion Analyses. Once all the videos had
been analyzed, the resulting data were further processed using the
Python-based Nanomicromotor Analysis Tool (NMAT) v. 0.5
(https://github.com/rafamestre/ NMAT-nanomicromotor-analysis-
tool). This script concatenates all the data for a single condition (15
particles) and creates .csv files to visualize a number of motion analysis
parameters, including MSD, propulsive speed, and trajectories of single
particles.**

Urease Labeling. To study the differences in enzyme coating
between the Ur-AR and Ur-hex micromotors, both samples were
labeled with CyS dye using slightly different protocols. The Ur-AR
sample was labeled using a similar procedure to that described by
Patifio et al.*® Briefly, the urease type IX from Sigma-Aldrich was
solubilized in PBS buffered to pH 8.4 by addition of NaOH, to make up
a solution of 1 #M Ur-AR, to which 1.5 molar equiv of CyS-NHS ester
reactive dye was added (Lumiprobe, cat. no. 13020). For the Ur-hex
sample, the urease type IX was first purified by size-exclusion
chromatography in PBS pH 8.4 (using the same procedure as described
previously), the peak corresponding to the urease hexamer was
collected, the protein concentration was determined to be similar to
that of Ur-AR (~1 uM), and the same 1.5 molar equiv of CyS-NHS
ester dye was mixed in. Both reactions of Ur-AR and Ur-hex with Cy5
reactive dye were left to react overnight on an orbital shaker. The
urease—CyS conjugates were purified from the excess dye by gel
filtration using a S mL HiTrap desalting column (Cytiva, cat. no. 17-
1408-01) and PBS pH 7.4 buffer. The CyS-labeled Ur-AR and Ur-hex
samples were then mixed with unlabeled Ur-AR and Ur-hex,
respectively, to make up a solution of 4% CyS—urease. A 900 mL
amount of this solution was then used to functionalize the HSMC
particles, using the same protocol as previously described.

The protein concentration was ascertained by measuring the
absorbance of the sample at 280 nm, assuming an extinction coefficient
(e) of 325365 M™':cm™ (determined using Protparam from the
protein sequence of UniProt accession code P07374).°° The CyS to
protein ratio was estimated by molar equivalence, using an es =
250000 M~"-em™".

STORM Imaging. STORM images were acquired using a Nikon N-
STORM system configured for total internal reflection fluorescence
imaging. CyS-labeled urease on motors was imaged by means of a 647
nm laser (160 mW). Fluorescence was collected by means of a Nikon
100X, 1.49 NA oil immersion objective and passed through a quadband
pass dichroic filter (97335 Nikon). Images were acquired onto a 256 X
256 pixel region (pixel size 0.16 yum) of a Hamamatsu ORCAFlash 4.0
camera at 10 ms integration time. A total of 20000 frames were
acquired for the 647 channel, and the total time required to acquire one
image was about 2 min. Bright field images were taken for assessing the
number of motors per field. STORM images were analyzed with the
STORM module of the NIS element Nikon software.

STORM Data Analysis. The data obtained from the STORM
images were processed and analyzed using a custom-made Python
script adapted from ref 66 and a Matlab script adapted from ref 67.
Briefly, the Python script was designed to automatically detect the
centroids of the micromotors based on the low-resolution images, and
the density of the clusters of localizations could be visualized locally on
each microparticle. The Matlab script also worked by detecting
localization clusters from a coordinates output file from the NIS
element Nikon software and by filtering for relevant clusters according
to a set of parameters (including minimum number of localizations set
to 100, maximum diameter of cluster set to 500, and minimum distance
between clusters set to 75 nm). The output of the Matlab script is a cell
array with locations for the selected clusters and an array for the number
of localizations in each selected cluster (termed cluster size) and the
diameter of each cluster.
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