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ABSTRACT: The low efficacy of current conventional treatments
for bacterial infections increases mortality rates worldwide. To
alleviate this global health problem, we propose drug-free enzyme-
based nanomotors for the treatment of bacterial urinary-tract
infections. We develop nanomotors consisting of mesoporous silica
nanoparticles (MSNPs) that were functionalized with either urease
(U-MSNPs), lysozyme (L-MSNPs), or urease and lysozyme (M-
MSNPs), and use them against nonpathogenic planktonic
Escherichia coli. U-MSNPs exhibited the highest bactericidal activity due to biocatalysis of urea into NaHCO3 and NH3, which
also propels U-MSNPs. In addition, U-MSNPs in concentrations above 200 μg/mL were capable of successfully reducing 60% of the
biofilm biomass of a uropathogenic E. coli strain. This study thus provides a proof-of-concept, demonstrating that enzyme-based
nanomotors are capable of fighting infectious diseases. This approach could potentially be extended to other kinds of diseases by
selecting appropriate biomolecules.
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■ INTRODUCTION

Bacterial infections are among the most common causes of
morbidity and mortality in the world.1 In recent decades, the
overuse of antibacterial agents has led to a growing risk of
antibiotic-resistant bacterial infections, which have reached a
level of prevalence that endangers public health and is
becoming a major global concern as conventional therapies
are losing efficacy.2,3 Conventional medicine urgently requires
more sensitive technologies for imaging and early detection,
new methods for accurate and early diagnosis, better
pharmaceutical properties of drugs (stability, solubility,
circulation time, and localized accumulation), and the capacity
to target and control drug release to minimize adverse side-
effects.4 Any advances in this field hold a great promise for
improving the quality of life and survival of patients and will
lead the way to more personalized medicine.
Nanomedicine is experiencing rapid growth due to its

potential for monitoring and treating physiological conditions
using nanoscale devices such as particles, materials, and drug
delivery systems (DDS).5,6 Nanomaterials possess structural
properties that enable them to serve as potential noninvasive
tools for diagnostic imaging, disease detection, and efficient
drug delivery, thereby improving drug solubility and specificity,
which provides new opportunities to improve the safety and
efficacy of conventional therapeutics.7 However, one of the
greatest challenges that determine the success of nanomaterials
(incl. nanoparticles) is their ability to reach the therapeutic site
and deliver the necessary doses while minimizing accumulation

at undesired sites due to the body’s biological barriers
(immune clearance, permeation across the endothelium,
penetration through tissues and endocytosis into the target
cells).8,9

Micro/nanomotors and micro/nanoscale devices are de-
signed to perform specific mechanical movements in response
to certain stimuli. They are promising platforms that offer
rapid drug transportation, high tissue penetration, and control
of motion.10−12 Recent studies successfully demonstrated that
compared to passive DDS, micro/nanomotors provide
improved drug diffusion and delivery to target loca-
tions.11,13−18 Enzyme-powered micromotors19,20 are chemi-
cally powered and have great potential as they can “run” on
physiologically available fuels such as glucose,21,22 triglycer-
ides,23,24 and urea.17,25−27 Due to their versatility, micro/
nanomotors are being used more ubiquitously for treating a
growing number of diseases including diabetes,28 cancer,29−31

and bacterial infections.17,32−38 For instance, Esteban-Fernań-
dez et al. developed chitosan-based bactericidal micromotors
using water-soluble metals (magnesium), where the produc-
tion of hydrogen gas in gastric acid media delivers the
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necessary propulsion.39 The same group also provided the first
evidence of a successful in vivo drug delivery using micro-
motors, more specifically, to treat a gastric bacterial infection in
a mouse model.32 Stanton et al. demonstrated that non-
pathogenic magnetotactic bacteria (MSR-1) can be integrated
into drug-loaded mesoporous silica microtubes to obtain
controllable microswimmers (biohybrids) capable of targeted
delivery of antibiotics to an infectious biofilm.33 Tang et al.
transformed passive cells into active cell robots through a
design involving enzyme-powered Janus platelet cell robots for
active and targeted delivery of antibiotics against the Gram-
negative Escherichia coli.17 More recently, magnetotactic T-
Budbots were designed deploying antibiotic-laden magnetic tea
buds against biofilms of Pseudomonas aeruginosa and Staph-
ylococcus aureus.35 Furthermore, tubular catalytic microrobots
have demonstrated a high antibacterial activity when used to
degrade dental biofilm in the presence of 1% H2O2.

36

However, despite the fast growth in the nanomotors field
over the past few years, their application as bactericidal tools
has been rarely explored, and if so, nanomotors release
antibiotics to kill the bacteria, not making use of the chemical
reaction that propels them also for that aim.
In this study, we develop the first drug-free enzyme-based

mesoporous silica nanomotors capable of killing bacteria while
swimming on a biological fuel, which should minimize drug-
related side-effects. Mesoporous silica nanoparticles (MSNPs)
were synthesized and their surface was modified using
glutaraldehyde with either urease (U-MSNPs), lysozyme (L-
MSNPs), or a combination of urease and lysozyme (M-
MSNPs). We then evaluated the bactericidal efficacy of each
type of functionalized nanomotor (in the presence of urea)
against two types of bacteria: (i) nonpathogenic planktonic
bacteria E. coli, and (ii) a biofilm of a uropathogenic E. coli,
which is typically involved in urinary-tract infections. We also
tested the bactericidal capacity of bicarbonate and ammonia,
both enzymatic products of urease, to evaluate the antibacterial
nature of urease. Finally, we studied the movement of urease-

based nanomotors in phosphate-buffered saline (PBS),
Lysogeny broth (LB), and simulated urine.

■ RESULTS AND DISCUSSION

Characterization of Enzyme-Based MSNPs. Mesopo-
rous silica nanoparticles (MSNPs) were synthesized via sol−
gel chemistry.40 In order to obtain the desired porosity, a
surfactant (cetyltrimethylammonium bromide [CTAB]) was
used as a pore template and triethanolamine (TEOA) was used
as a base catalyst. The as-prepared MSNPs were functionalized
with (3-aminopropyl)triethoxysilane (APTES) and subse-
quently with proteins, either urease, lysozyme, or a
combination of both, to fabricate the enzyme-based nano-
motors (Figure 1A).
The as-prepared MSNPs were characterized by scanning

electron microscopy (SEM) (Figure 1B) and transmission
electron microscopy (TEM) (Figure 1C). SEM analysis was
used to determine the diameter of the as-prepared MSNPs to
be 411 ± 11 nm (average ± one standard deviation, n = 50),
and confirm a high level of monodispersity (polydispersity
index of 0.02). Moreover, the TEM image showed the porous
structure of MSNPs, revealing a radial pattern (Figure 1C). In
a previous study, we estimated the pore diameter of these
MSNPs as 2 nm using Brunauer−Emmett−Teller (BET)
analysis.40

For the functionalization of the as-prepared MSNPs with
different proteins, their hydroxyl moieties were first modified
with amino groups before activating them with aldehyde
groups using aminopropyltriethoxysilane (APTES) and gluta-
raldehyde (GA), successively. Finally, glutaraldehyde, as a
linker, was used to facilitate the modification of the MSNP
surface along with the reaction of the aldehyde terminal groups
of the MSNPs and the amino moieties from the proteins. Each
step of the MSNP functionalization was monitored using
dynamic light scattering (DLS) (Figure 1D), while the amount
of protein linked to the particle was monitored using a
commercial kit based on Coomassie brilliant blue G (Figure
S1A). The electrophoretic mobility analysis of MSNPs

Figure 1. Fabrication and characterization of enzyme-based mesoporous silica nanoparticles. (A) Scheme of the stepwise fabrication process to
synthesize enzyme-based nanomotors. (B) Scanning electron microscopy (SEM) image of mesoporous silica nanoparticles (MSNPs). (C) TEM
image of MSNPs showing the porous particle surface. (D) Surface charge of the unmodified MSNPs, the amino-modified MSNPs (NH2-MSNPs),
the urease-modified MSNPs (U-MSNPs), the lysozyme-modified MSNPs (L-MSNPs), and the urease- and lysozyme-modified MSNPs
(MMSNPs) (N = 3, error bars indicate SE).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c00986
ACS Appl. Mater. Interfaces 2021, 13, 14964−14973

14965

http://pubs.acs.org/doi/suppl/10.1021/acsami.1c00986/suppl_file/am1c00986_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.1c00986/suppl_file/am1c00986_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c00986?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c00986?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c00986?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c00986?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c00986?rel=cite-as&ref=PDF&jav=VoR


indicated a negative surface charge of −28.0 ± 1.3 mV
(average ± 1 SD, N = 5, Figure 1D), typical for the −OH
moieties on the as-prepared MSNPs. Once the MSNPs were
modified with APTES, the surface charge changed and became
positive: 16.8 ± 1.8 mV, which indicates the presence of amine
groups and, as a consequence, confirms the success of the
modification process.
The last functionalization step for the synthesis of the

protein-based MSNPs is the covalent attachment of either
urease (U-MSNPs), lysozyme (L-MSNPs), or a combination
of both (M-MSNPs) using measured changes in the electrical
charge of MSNPs to verify the successful attachment of each
type of protein (Figure 1D). Given the isoelectric points (pI)
of each enzyme, pI (urease) = 4.941 and pI (lysozyme) =
10.7,42 the surface charges measured at pH 7.4 using DLS,
namely −14.9 ± 0.3 mV (average ± 1 SD, N = 5) for U-
MSNPs, 29.9 ± 0.8 mV (N = 5) for L-MSNPs, and 7.8 ± 0.6
mV (N = 5) for M-MSNPs were in agreement with the surface
charge of the free proteins at pH 7.4. In addition, to
demonstrate that the different proteins successfully bound to
the MSNP surfaces, we quantified them using a colorimetric
method for proteins (Figure S1A, see the Experimental
Methods section for details). The amounts of protein bound
to the MSNPs (1 mg/mL) were obtained using linear
interpolation: 153.2 ± 15.4, 71.5 ± 0.2, and 94.8 ± 5.4 μg/
mL (average ± 1 SE, N = 6) for U-MSNPs, L-MSNPs, and M-
MSNPs, respectively. Furthermore, we tested for the presence
of bound urease in U-MSNPs and M-MSNPs using a kit that
quantifies the activity of the urease enzyme (Figure S1B). As
expected, L-MSNPs did not show any urease activity, while U-
MSNPs showed higher activity compared to M-MSNPs since
the amount of urease on the M-MSNP surface is lower than
that for U-MSNPs. Since protein-based MSNPs are often used
after having been in storage for several days, we also studied

the effect of storage (at 4 °C for up to 14 days) on urease
activity (Figure S2). During the first week of storage, the loss
of urease activity in both U-MSNPs and M-MSNPs was below
20%. During the second week, this loss remained below 40%,
which means that they are still capable of fulfilling their
purpose even 14 days after fabrication.

Bactericidal Capacity of U-MSNPs, L-MSNPs, and M-
MSNPs. The bactericidal enzymes urease and lysozyme were
selected for the modification of MSNPs to obtain protein-
based nanomotors that could be used against pathogenic
bacteria. Lysozyme is a well-known antimicrobial enzyme that
kills bacteria by the hydrolysis of the 1,4-β-linkages between N-
acetylmuramic acid and N-acetyl-D-glucosamine residues in
peptidoglycan from the cell wall.34,43 Urease is an enzyme that
can catalyze the hydrolysis of urea and induce the death of E.
coli (of both the nonpathogenic and pathogenic strains) as a
result of producing carbonate and ammonia generating an
alkaline pH.44−47 To demonstrate that NH4

+ and HCO3
−, both

enzymatic products of urea hydrolysis by urease, can kill E. coli,
we incubated E. coli (1 × 108 cells/mL) with NH4

+ and
HCO3

− at concentrations of 10, 30, and 50 mM for 1 h. Then,
cells were treated with propidium iodide and STYO 9 and
imaged using a fluorescence microscope (Figure S3A). By
identifying and counting the number of dead and live bacteria,
we could estimate the bactericidal efficacy of each incubation
(Figure S3B). While both NH4

+ and HCO3
− exhibited a

bactericidal capacity that increased with increasing concen-
tration, the overall efficacy was higher with NH4

+. Urease
should therefore be the preferred choice for fabricating
bactericidal enzyme-based nanomotors.
The bactericidal capability of enzyme-based MSNPs was

evaluated by incubating nonpathogenic E. coli with each type
of MSNP (Figure 2) at optimal urea concentrations.29 First, we
estimated the minimum inhibitory concentration (MIC50) of

Figure 2. Evaluating the bactericidal capacity of the different enzyme-based micromotors: (A) optical density (OD600) of nonpathogenic E. coli
after 24 h in the presence of different concentrations of urease, U-MSNPs, L-MSNPs, and M-MSNPs. (B) Fluorescence images and (C) percentage
of dead bacteria determined by live/dead assay after 2 h of 1 × 108 CFU/mL E. coli treated with 12.5 μg/mL (minimum inhibitory concentration,
MIC50) for urease, U-MSNPs, L-MSNPs, and M-MSNPs. (D) E. coli counts (log 10 CFU/mL) after 2 and 4 h of treatment with 12.5 μg/mL
(MIC50) urease, U-MSNPs, L-MSNPs, and M-MSNPs. (E) Photographs of Petri plates at 103 CFU dilution used to measure the efficacy of urease,
U-MSNPs, L-MSNPs, and M-MSNPs against E. coli after 2 and 4 h. All experiments were carried out at [urea] = 50 mM (N = 3, error bars
represent SE).
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each enzyme-based MSNP for killing nonpathogenic E. coli by
incubating different concentrations (0−100 μg/mL) of each
MSNP for 24 h with a certain concentration of cells. The
optical density (OD600) (Figure 2A) of E. coli after 24 h
indicated that 12.5 μg/mL was the MIC50 for U-MSNPs and
M-MSNPs but not for L-MSNPs, which were unable to kill E.
coli at the chosen concentration range. Then, taking 12.5 μg/
mL as a reference concentration of enzyme-based MSNPs, we
incubated E. coli with the selected U-MSNP, L-MSNP, and M-
MSNP concentrations (including controls without any
MSNPs) and monitored the number of live and dead cells
using fluorescence live/dead assay (Figures S5 and S6). While
samples without urease activity (i.e., no urease or urea present)
did not exhibit any bactericidal capability, all samples that
contained urease activity displayed a bactericidal ability that
was highest with U-MSNPs (Figure 2B,C). These results are
supported by E. coli counts (log 10 CFU/mL) after 2 and 4 h
of treatment with 12.5 μg/mL of each MSNP (Figures S7−
S9). As before, only samples containing urease activity
exhibited any bactericidal capabilities (Figure 2D,E) with U-
MSNPs showing the highest efficacy with 82% dead bacteria
(from fluorescence assay, Figure 2C). We, therefore, selected

U-MSNPs for the experiments that test the ability of MSNPs
to fight urinary-tract bacterial infections. It is worth pointing
out that neither lysozyme nor L-MSNPs showed any
bactericidal behavior. This is in agreement with earlier reports
that suggested that lysozyme by itself can lyse Gram-positive
bacteria, but for Gram-negative bacteria, as E. coli, it needs help
from other factors such as ethylenediamine tetraacetic acid
(EDTA) or complement that enable lysozyme to penetrate the
outer membrane (Figure S4).48,49

Using SEM, we then imaged the bacteria before and 2 h after
treatment with U-MSNP nanomotors in the presence of 50
mM urea (Figure 3). Figure 3B illustrates how the U-MSNP
nanomotors attached to the E. coli surface while trying to
penetrate the cell, and how the nanomotors destroyed some
cell bodies because of the production of bicarbonate and
ammonia. These results suggest how U-MSNP nanomotors kill
E. coli, possibly due to synergistic effects between diffusion
(which increases contact with bacteria) and the enzymatic
reaction that occurs on the nanomotor surface in the presence
of the particular substrate.
We also assessed the motility of U-MSNP nanomotors in

different media: PBS, LB, and simulated urine (Figure 4).

Figure 3. Bacteria imaged with SEM: Examples of (A) live E. coli MG1655; (B) dead bacteria after having been treated with U-MSNPs for 2 h in
the presence of 50 mM urea. Yellow box depicts a zoom image of (B) the bacteria in the top row.

Figure 4. Motion analysis of urease-based nanomotors (U-MSNPs) in PBS, LB, and simulated urine. (A) Representative trajectories of U-MSNPs
at 0 mM (top) and 100 mM urea (bottom). (B) Mean-squared displacements (MSDs) of U-MSNPs at 0 and 100 mM. (C) Effective diffusion
coefficients calculated from the MSDs at different urea concentrations (N = 20, error bars show SE).
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Previous studies have shown that the presence of a simple
geometrical asymmetry can propel micro- and nanostructures
at low Reynolds numbers as these asymmetries cause an
asymmetrical generation of forces.50,51 Based on these findings,
we showed in an earlier publication how directional self-
propulsion can be achieved using non-Janus spherical micro-
motors powered by enzyme catalysis simply by controlling
enzyme distribution and quantity.51 Taking into account that
U-MSNP nanomotors possess an intrinsic asymmetry due to
the way that enzymes bind to their surface,52 we studied the
motion of these nanomotors at different urea (enzyme−
substrate) concentrations (0, 25, 50, and 100 mM). We
tracked the trajectories of some U-MSNP nanomotors over a
30 s period, both in the absence and presence of urea (100
mM) (Figure 4A and Videos S1−S3), and used these
trajectories to calculate the mean-squared displacement
(MSD) (Figure 4B). The MSD has a steeper slope in the
presence of urea and shows a linear trend over time. We
obtained the effective diffusion coefficient, De, from fitting the
MSDs of each trajectory to

t D tMSD( ) 4 eΔ = Δ (1)

We also observed both a media type- and substrate
concentration dependence of diffusion with diffusion generally
increasing with higher substrate concentrations (Figure 4C).
Finally, to demonstrate that U-MSNP nanomotors can kill

pathogenic E. coli and be efficient tools for treating urinary-
tract infections, we studied their antibacterial capacity on a
uropathogenic E. coli strain (CFT073) in planktonic and
biofilm states (Figure 5).53 First, we estimated the MIC50 of U-
MSNPs nanomotors vs excess of urease (free-enzyme) for
killing planktonic uropathogenic E. coli. The OD550 analysis
yielded an MIC50 of U-MSNPs nanomotors against uropatho-
genic E. coli of 25 μg/mL (Figure 5A). Based on this result, we
tested the efficacy of different U-MSNP nanomotor concen-
trations (25, 50, and 200 μg/mL) to disrupt uropathogenic E.
coli biofilms (Figure 5B,C). We found that uropathogenic E.
coli biofilms were not disrupted by U-MSNP nanomotor
concentrations below 200 μg/mL (the same threshold was
found for the free-enzyme). While U-MSNPs at 200 μg/mL
reduced the biofilm’s biomass by 60%, the excess of the free-
enzyme (10-fold) only achieved a biomass reduction of 19%.
Thus, U-MSNP nanomotors at a concentration of 200 μg/mL
should be much more efficient at battling urinary-tract
infections than the free enzyme.

Figure 5. Evaluating the bactericidal capacity of urease-based nanomotors (U-MSNPs) against uropathogenic E. coli (CFT073): (A) optical density
(OD550) of planktonic uropathogenic E. coli for different concentrations of urease and U-MSNPs; (B) percentage of the biofilm biomass from
uropathogenic E. coli remaining after treatment with U-MSNP nanomotors and excess of urease (at 5- to 10-fold, the highest U-MSNP nanomotor
concentrations applied); and (C) simulated fluorescence projections and orthogonal view sections of 4-day uropathogenic E. coli biofilm before and
6 h after treatment with different concentrations of urease and U-MSNPs (scale bar = 50 μm). All experiments were carried out at [urea] = 100
mM. (N = 3, error bars represent SE).
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■ CONCLUSIONS
In this study, we demonstrate that urease-based nanomotors
are efficient tools against urinary-tract infections due to the
localized production of urease enzymatic products on the
surface of U-MSNP nanomotors and their high diffusivity,
which increases contact with the bacteria. First, we synthesized
and characterized three types of enzyme-based MSNPs: U-
MSNPs, L-MSNPs, and M-MSNPs. We then tested their
bactericidal capacity on planktonic E. coli. Such a capacity was
found for U-MSNPs and M-MSNPs due to the presence of
urease enzymatic products, with U-MSNPs proving more
effective. Finally, we tested the effect of different concen-
trations of U-MSNPs on their bactericidal efficacy against a
planktonic pathogenic E. coli strain, which is often involved in
urinary-tract infections. We found that they start to become
highly effective at relatively low concentrations of 200 μg/mL.
Such enzyme-based nanomotors thus represent a viable
alternative for treating infectious diseases.

■ EXPERIMENTAL METHODS
Materials. Ethanol (EtOH, 99%), methanol (MeOH, 99%),

hydrochloric acid (37% in water), ammonium hydroxide (NH4OH,
25% in water), tetraethylorthosilicate (TEOS, 99%), triethanolamine
(TEOA, 99%), cetyltrimethylammonium bromide (CTAB, 99%),
ammonium nitrate (NH4NO3), bicarbonate (NaHCO3), 3-amino-
propyltriethoxysilane (APTES, 99%), glutaraldehyde (GA, 25% in
water), urease (from Canavalia ensiformis, Type IX, powder, 50 000−
100 000 units/g solid), lysozyme (100 kU/mg, Orion High
Technologies), Urease Activity Assay Kit (MAK120, Sigma-Aldrich),
Protein Quantification Kit (51254, Sigma-Aldrich), urea (99.9%),
potassium dihydrogen phosphate (KH2PO4), dibasic potassium
phosphate (K2HPO4), Phosphate buffer saline (PBS, pH 7.4).
Micrococcus lysodeikticus (ATCC No. 4698, M3770 Sigma-Aldrich),
uropathogenic E. coli (UPEC) CFT073 strain (ATCC 700928) and
nonpathogenic E. coli strain MG1655 (ATCC 700926), LB broth, LB
broth with agar, hexamethyldisilazane (HMDS, Sigma-Aldrich),
LIVE/DEAD BacLight Bacterial Viability Kit (L7007, ThermoFisher)
have been employed.
Equipment. Scanning electron microscopy (SEM) images were

captured using a FEI NOVA NanoSEM 230 at 5 kV. Transmission
electron microscopy (TEM) images were captured using a JEOL
JEM-2100 microscope. The ζ-potential and hydrodynamic radius
were measured using a Malvern Zetasizer Nano ZS system. Protein
quantification, enzymatic activity assays, and OD600 determination
were carried out using a Synergy HTX Absorbance microplate reader
and a Synergy H1M Fluorescence microplate reader. A spectropho-
tometer Specord 50/plus (Analytik Jena, Germany) was employed to
monitor the U-MSNP and M-MSNP activity for 14 days. Optical
videos were recorded using an inverted optical microscope (Leica
DMi8) equipped with a 63× water objective. Fluorescence images of
live/dead assay were acquired using an inverted optical microscope
(Leica DMI3000B), coupled with a 10×, 20×, 40×, and 63×
objectives, along with a Leica digital camera DFC3000G with LAS
V4.5 software. The videos were analyzed using Python-based code.
Growth curves of planktonic E. coli were performed using a SPARK
Multimode microplate reader (Tecan). Continuous biofilms were
imaged using a Zeiss LSM 800 confocal laser scanning microscope
(CLSM) with a 20×/0.8 air objective. FIJI and COMSTAT2 software
were used for biofilm biomass quantification. Origin 2018, Microsoft
Excel Professional, and ImageJ were employed for the analysis of the
experimental data.

■ EXPERIMENTAL PROCEDURE
Synthesis of Urease (U-MSNPs), Lysozyme (L-MSNPs), and

Urease and Lysozyme (M-MSNPs). Synthesis of Mesoporous
Silica Nanoparticles (MSNPs). MSNPs were prepared using a sol−gel
method. Briefly, a solution containing CTAB (570 mg), TEOA (35

g), and water (20 mL) was heated to 95 °C in a silicon oil bath. This
mixture was stirred for 30 min, and subsequently, TEOS (1.5 mL)
was added dropwise. The mixture was further stirred at 95 °C for 2 h.
The produced particles were collected by centrifugation and washed
with ethanol (3 times, 3500 rpm, 10 min). For removal of CTAB from
the MSNP pores, the particles were suspended in EtOH (60 mL) and
ammonium nitrate (160 mg) and heated at 60 °C for 1 h. Finally, the
particles are collected by centrifugation, washed in ethanol (3 times,
3500 rpm, 10 min), and sonicated for 10 min between each
centrifugation. To determine the concentration of the MSNP
suspension, 3 aliquots (0.5 mL) were collected, centrifuged, and air-
dried at 70 °C.

Amine Functionalization of MSNPs (MSNP-NH2). The previously
synthesized MSNPs were suspended in MeOH (1 mg/mL). Then,
APTES was added to the suspension (1% V/V) and it was shaken for
24 h at room temperature, using a rotating wheel Eppendorf shaker.
Finally, the particles were collected by centrifugation, washed first in
ethanol 3 times (3500 rpm, 5 min) and then in water 3 times (3500
rpm, 10 min), and sonicated for 10 min between each centrifugation.
To determine the concentration of the MSNPs-NH2 suspension, 3
aliquots (0.5 mL) were collected, centrifuged, and air-dried at 70 °C.

Functionalization of MSNP-NH2 with Urease (U-MSNPs),
Lysozyme (L-MSNPs), and Urease and Lysozyme (M-MSNPs).
MSNP-NH2 (1 mg/mL) were centrifuged at 3500 rpm for 5 min,
washed twice with PBS, suspended in 900 μL of PBS, and sonicated
for 10 min. After that, 100 μL of glutaraldehyde (GA) was added, and
the mixture was well-dispersed. The mixture was placed on a rotating
wheel Eppendorf shaker for 3 h at room temperature. GA-MSNPs
were then collected and washed three times with PBS (3500 rpm, 5
min) and sonicated for 10 min between each wash. Next, the GA-
MSNPs were suspended in PBS containing 3 mg/mL urease,
lysozyme or urease, and lysozyme, respectively. Then, the mixture
was placed on a rotating wheel Eppendorf shaker overnight at 4 °C.
The resulting modified nanomotors were washed three times with
PBS by centrifugation (3500 rpm, 5 min), intercalating the washes
with 1 min of sonication.

Bacteria Culture and Biofilm Growth. Bacteria Culture. E. coli
MG1655 cultured on LB agar plates were transferred to 5 mL LB
broth and allowed to divide overnight at 37 °C and 200 rpm. The
overnight MG1655 culture (0.5 mL) was diluted in 5 mL of fresh LB
broth and allowed to grow another 2 h. To estimate the bacterial
concentration, the optical density was measured at 600 nm (OD600).
For the evaluation of the activity of protein modified-MSNPs against
E. coli, bacteria were centrifuged (6500 rpm, 3 min) and resuspended
twice in PBS (pH 7.4). Bacteria were diluted to a determined
concentration depending on the assay used.

E. coli on U-MSNPs were imaged using scanning electron
microscopy (SEM, NOVA NanoSEM 230) at 5 keV. To prepare
samples for SEM, each aliquot was suspended in motility media and
allowed to sediment on clean plasma-etched (1 min argon plasma,
Diener Electronic Atto Plasma Cleaner, Ebhausen, Germany) silicon
wafer chips (5 × 6 mm) for 1 h at room temperature. Wafers were
incubated in 2.5% glutaraldehyde in PBS for 45 min at 4 °C, rinsed
with PBS, and then with water. Bacteria were dehydrated in a series of
increasing aqueous ethanol concentrations (30, 50, 70, 90, and 100%)
for 5 min in each solution and 10 min in pure ethanol. Bacteria were
further dehydrated and preserved using a series of hexamethyldisila-
zane (HMDS, Sigma-Aldrich) solutions: 2:1 ethanol/HMDS (15
min), 1:2 ethanol/HMDS (15 min), and pure HMDS (15 min).
Wafers were air-dried followed by sputtering deposition of 5 nm gold
using a sputter Leica EM ACE600 coating system.

Biofilm of Uropathogenic E. coli Strain CFT073 Growth.
Continuous biofilm of uropathogenic E. coli CFT073 growth was
performed using a Flow-Cell system, as previously described,54 with
some modifications. Briefly, after sterilizing the Flow-Cell system, 350
μL of an early exponential-phase culture of E. coli CFT073 (OD600 =
0.1) were inoculated into the Flow-Cells (DTU Systems Biology) and
allowed to attach to the glass surface for 2 h. Afterward, media (0.1 ×
LB broth supplemented with 0.002% glucose) was supplied to the
system at 42 μL/min using an Ismatec ISM 943 peristaltic pump
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(Ismatec). Bacteria were allowed to grow in biofilms for 96 h so that a
mature biofilm could be established.
Video Recording. Optical Video Recording of Nanomotors (U-

MSNPs) and MSD Analysis. An inverted microscope equipped with a
63× water objective and a Hamamatsu camera was used to observe
and record videos of the nanomotors’ movement. Samples of aqueous
solutions of PBS, LB, and simulated urine containing U-MSNPs were
placed, respectively, on a glass slide and mixed well with different
concentrations of urea (0, 25, 50, 100 mM). The samples were then
covered with a glass slide to avoid artifacts caused by drifting, and
videos of 30 s at 50 frames per second using bright field were
recorded. At least 20 U-MSNPs were tracked per condition. The
videos were analyzed using Python-based code to obtain the
trajectories of the nanomotors and calculate the mean-squared
displacement (MSD) using the following equation

t xi t t xi t iMSD ( ) ( ( ) ( )) , 2, for 2D analysis2Δ = ⟨ + Δ − ⟩ =
(2)

After this, the diffusion coefficient (De) was obtained by fitting the
MSD data to eq 1, which is valid at short time intervals for small
particles, with low rotational diffusion.55

Protein Quantification and Activity Assays. Protein Quanti-
fication Assay. The quantification of the total protein attached to the
U-MSNPs, L-MSNPs, and M-MSNPs was determined using a
commercial kit based on Coomassie brilliant blue G, which interacts
with proteins and stains blue under acidic conditions. The initial
concentration of each sample was 1 mg/mL, and the experiment was
performed according to the manufacturer’s instructions. The results
were acquired by measuring the absorbance at 570−600 nm.
Urease Activity Assay. Enzymatic activity of U-MSNPs and M-

MSNPs was evaluated using a commercial kit that determines the
concentration of ammonia generated by Berthelot’s method. The
nanomotors were at a concentration of 1 mg/mL, and the experiment
was performed according to the manufacturer’s instructions. The
results were acquired by measuring the absorbance at 670 nm.
Activity of U-MSNPs and M-MSNPs for 14 Days. The activity was

calculated by the quantification of ammonia production by U-MSNPs
and M-MSNPs, respectively, using a titration method. For this, 50 μg/
mL of each type of nanomotor was incubated with 100 mM urea in a
total volume of 1 mL. Then, 50 μL of p-nitrophenol was added to
each sample and allowed to mix using a rotating wheel Eppendorf
shaker for 30 min. Afterward, the samples were centrifuged, and the
supernatants were transferred, respectively, to 5 mL vials for their
titration with 10 mM HCl. The volumes required for the
neutralization of each sample were acquired from the notebook.
Evaluation of Bactericidal Activities. Evaluation of the

Bactericidal Capability of NH4
+ and HCO3

−. Aliquots of non-
pathogenic E. coli strain MG1655 (1 × 108 cells/mL) were incubated
with different concentrations (10, 30, and 50 mM) of urease
enzymatic products (NH4

+ and HCO3
−) for 1 h. Then, the samples

were washed 3 times with PBS (pH 7.4) and incubated with 1 μL/mL
propidium iodide and STYO 9 (Life Technologies) for 10 min with
gentle shaking. Then, they were washed twice with PBS (pH 7.4) and
immediately imaged with a fluorescent microscope. Cell viability
percentage was defined as the total number of live cells divided by the
sum of live and dead cells using Image J software.
Evaluation of the Bactericidal Capability of Lysozyme and L-

MSNPs at Different pH Values (5, 6, 7, 8, 9). On the one hand,
different concentrations of lysozyme (100, 10, 5, 2.5, and 1.25 μg/
mL) were incubated with M. lysodeikticus (0.1 mg/mL). On the other
hand, lysozyme and L-MSNPs (50, 25, and 12.5 μg/mL) were
incubated with the nonpathogenic E. coli (1 × 108 cells/mL),
respectively. For both cells, incubation was carried out for 2 h at 37
°C and 200 rpm with different phosphate buffers (pH 5−9) by
triplicate. Afterward, the samples were washed 3 times with PBS (pH
7.4) and incubated with 1 μL/mL propidium iodide and STYO 9
(Life Technologies) for 10 min with gentle shaking. Then, they were
washed twice with PBS (pH 7.4) and immediately imaged with a
fluorescent microscope. Percent cell viability was defined as the total

number of live cells divided by the sum of live and dead cells using
Image J software.

Calculation of MIC50 (Minimum Inhibitory Concentration).
About 1 × 106 cells/mL of nonpathogenic E. coli were incubated
(37 °C, 200 rpm) for 24 h at different concentrations of U-MSNPs, L-
MSNPs, and M-MSNPs (0, 10, 25, 50, 100, 200, 300, and 500 μg/
mL) in the presence of 50 mM urea and in the LB medium using 96-
well plate (n = 3). As a control, in parallel, the same quantities of free
urease in the presence of 50 mM urea and free lysozyme (without
urea) were tested. Each well has a total volume of 200 μL. OD600
measurements were taken every 2 min for 24 h to establish the speed
of proliferation and shape of the bacterial growth curve.

Evaluation of Bactericidal Capability of Protein-Modified
MSNPs. About 1 × 108 cells/mL of nonpathogenic E. coli MG1655
were incubated (37 °C, 200 rpm, PBS 7.4) for 2 and 4 h with 12.5
μg/mL U-MSNPs, L-MSNPs, and M-MSNPs, respectively, in the
absence and presence of 50 mM urea in a total volume of 5 mL (n =
3). The same protocol was carried out for the free enzymes. After 2
and 4 h, an aliquot (1 mL) of each sample was taken and washed
twice with PBS 7.4.

Live/Dead Assay. The samples were incubated with 1 μL/mL
propidium iodide and STYO 9 (Life Technologies) for 10 min with
gentle shaking. Then, they were washed twice with PBS (pH 7.4) and
immediately imaged with a fluorescent microscope. Cell viability
percentage was defined as the total number of live cells divided by the
sum of live and dead cells using Image J software.

CFU Assay. The aliquots were serially diluted two times to obtain a
final 1 × 105 and 1 × 104 CFU/mL concentration. Then, 100 μL of
each dilution were cultured in LB agar plates and allowed to grow
overnight at 37 °C. Bacterial concentration represents 10-fold of all
colonies counted per plate since 0.1 mL were cultured.

Evaluation of the Bactericidal Capability of U-MSNP Nano-
motors against Planktonic Pathogenic E. coli CFT073. About 200
μL of an early exponential-phase culture of E. coli CFT073 (OD600 =
0.1) was plated in a microtiter plate (Corning 3596 Polystyrene Flat
Bottom 96 Well) mixed with different concentrations of U-MSNPs
and urease (6.25, 12.5, 25, and 50 μg/mL). Then, 100 mM of urea
was added, and the microtiter plate was incubated in the microplate
reader at 37 °C and 150 rpm shaking. The growth of the bacteria was
then monitored for 8 h by taking the absorbance (OD550) every 15
min. Minimal inhibitory concentration (MIC50) was defined as the
concentration that reduces bacterial growth (OD550) by 50%.

Evaluation of the Bactericidal Capability of U-MSNP Nano-
motors against Biofilm Pathogenic E. coli CFT073. Mature biofilms
of E. coli CFT073 grown in Flow-Cells were treated for 6 h with 200
μL of U-MSNPs (25, 50, and 200 μg/mL) and urease (100 and 200
μg/mL), in both cases adding 100 mM urea. After the treatment, the
biofilm was dyed with Live/Dead cells and observed under the
confocal laser scanning microscope for biomass quantification with
FIJI and COMSTAT2 software.
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(31) Esteban-Fernández de Ávila, B.; Ramírez-Herrera, D. E.;
Campuzano, S.; Angsantikul, P.; Zhang, L.; Wang, J. Nanomotor-
Enabled PH-Responsive Intracellular Delivery of Caspase-3: Toward
Rapid Cell Apoptosis. ACS Nano 2017, 11, 5367−5374.
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