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Self-Degradable Photoactive Micromotors for Inactivation
of Resistant Bacteria

Xiaojiao Yuan, Salvio Suárez-García, Marco De Corato, Andrés Camilo Muñoz,
Ignacio Pagonabarraga, Daniel Ruiz-Molina, and Katherine Villa*

Pathogenic bacteria pose a significant threat to human health, and their
removal from food and water supplies is crucial in preventing the spread of
waterborne and foodborne diseases. Recently, silver-based photocatalytic
micromotors have emerged as promising candidates for inactivating
pathogenic microbes due to their high antibacterial activity. In this study, the
synthesis of photoactive Ag3PO4 micromotors with a well-defined
tetrapod-like structure (TAMs) is presented using a simple precipitation
method. These TAMs autonomously move and release Ag ions/nanoparticles
(NPs) through a photodegradation process when exposed to light, which
enhances their antimicrobial activity against Gram-negative (Escherichia coli)
and Gram-positive (Staphylococcus aureus) bacterial strains. Interestingly,
different motion modes are observed under different manipulated light
wavelengths and fuels. Furthermore, the self-degradation of TAMs is
accelerated in the presence of negatively charged bacteria, which results in
higher removal rates of both bacteria, E. Coli and S. aureus. The findings
introduce a new concept of self-degradable micromotors based on
photocatalytic components, which hold great potential for their use in
antimicrobial applications. This work offers significant implications for
materials chemistry, especially in designing and developing the next
generation of light-driven antimicrobial agents.

1. Introduction

Photoactive self-propelled micro/nanoscale motors exhibit great
promise for various applications, due to their remote control,
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reversible on/off motion, and tunable light
wavelength manipulation by alternating
their chemical and optical composition.[1]

Mainstream semiconductors such as UV
light-responsive nano/micromotors based
on TiO2,[2] ZnO,[3] AgCl[4] and visible light
active materials, such as Cu2O,[5] BiVO4,[6]

porous donor-acceptor polymers[7] and
C3N4

[8] have been widely investigated. The
ability of such photoactivated micromotors
to release reactive radicals under light
irradiation has triggered their potential ap-
plication in the environmental field for the
removal of organic pollutants, heavy met-
als, and pathogenic microorganisms. In the
latter, mainly TiO2,[9] ZnO,[10] and silver-
based micromotors have been used for
antimicrobial applications. Unfortunately,
these micromotors are only photoactive in
the UV light range and/or require toxic
chemical fuels and surfactants to activate
their self- propulsion, which limits their
applicability under real conditions.[11]

In particular, silver-based micromotors
are well-known for their strong biocidal
effects.[12] For instance, AgCl microstar-
shaped micromotors were used to remove

E. coli.[13] However, their activity was attributed to the silver
component and not the photocatalytic activity since both perfor-
mances under dark and UV irradiation were similar. Recently,
visible-light responsive Ag3PO4 micromotors[14] have garnered
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Figure 1. Fabrication and characterization of TAMs. a) Schematic illustration showing the synthesis procedure of TAMs. b–e) FESEM images of TAMs,
including different tilting angles. f–h) energy dispersive X-ray (EDS) mapping images that show the Ag, P, and O distribution.

attention from various groups. For instance, Sen et al. studied the
collective behaviors of Ag3PO4 micromotors made of an amor-
phous morphology.[4c,15] Moreover, Rojas et al. investigated the
influence of amorphous, cubic and pyramidal shapes of Ag3PO4
on their motion efficiencies, resulting in overall low motion
performances.[14] While these micromotors have been used for
biofilm removal, their interactions with released Ag ions, plank-
tonic cells, as well as their stability under light irradiation in
different liquid media, remain largely unexplored. On the other
hand, Ag3PO4 with defined crystal facets have shown improved
photocatalytic performance for degradation of pollutants, due to
the availability of more surface active sites.[16]

Here, we introduce tetrapod-shaped Ag3PO4 micromotors ca-
pable of generating high shear forces under visible light illu-
mination that enhance their propulsion in a fluid environment.
This unique morphology was obtained by a simple precipita-
tion method with a reaction between [Ag(NH3)2]+ complex and
Na2HPO4 without the need of additional surfactants. Moreover,
these TAMs exhibit fast motion velocity not only in water but
also in biocompatible fuels, such as glucose. By manipulating
the light wavelength of light and fuels, the TAMs exhibit tun-
able propulsion modes, including rotational and linear locomo-
tion. Moreover, we studied the antimicrobial activity of TAMs
against both planktonic Gram-positive and Gram-negative bac-
teria and the respective biofilms under visible light irradiation

(𝜆 = 500 nm). Interestingly, we found out that the micromotors
self-degrade very quickly (less than 1 min) in the presence of bac-
teria, resulting in a rapid release of Ag NPs that effectively kill the
bacteria. Overall, this work demonstrates a new approach for de-
veloping efficient photocatalytic micromotors with high antibac-
terial activity that disaggregate under light irradiation, making
them a promising alternative for environmental remediation. It
also sheds light on the interactions between photocatalytic micro-
motors and bacteria that opens up new avenues for exploring the
relationship between structure, motion, and biological activities.

2. Results and Discussion

2.1. Fabrication of TAMs

TAMs were fabricated by a facile precipitation method, as illus-
trated in Figure 1a. In brief, an aqueous solution of AgNO3 was
mixed with NH3·H2O to form a [Ag(NH3)2]+ complex that serves
as an intermediate compound to form the TAMs in the presence
of Na2HPO4 solution (see the Experimental Section). The ammo-
nia acts as a coordination agent that slows down the reaction rate,
while the phosphate ions bind to the Ag3PO4 (110) surface, lead-
ing to the formation of the tetrapod morphology.[17] The morpho-
logical properties of TAMs were investigated by using field emis-
sion scanning electron microscope (FESEM). The composition
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Figure 2. Structural and optical characterization of TAMs. a) XRD pattern of TAMs. b) UV–vis spectrum of TAMs and c) calculated optical bandgap of
TAMs by Tauc plot. d) Contact angle of glass and e) TAMs film on glass in presence of water.

of Ag3PO4 can be described as tetrapodal microcrystals with a
3D structure (Figure 1b–e; Figure S1, Supporting Information).
The average size of TAMs was calculated from FESEM images of
a minimum of ten particles, and it was found to be 4 ± 0.5 μm.
EDS analysis confirms the elemental components of the TAMs,
including Ag, P, and O elements (Figure 1f–h).

The crystalline structure of TAMs was characterized by X-ray
powder diffraction (XRD). Figure 2a shows that the XRD diffrac-
tion peaks of the micromotors are in agreement with the standard
value of normal cubic phase Ag3PO4 (JCPDS No. 06–0505) with
no impure phases detected.[18] Additionally, the UV–vis absorp-
tion spectrum of TAMs is included in Figure 2b. Moreover,
a bandgap of 2.06 eV was determined by Tauc plots (indirect
bandgap) (Figure 2c), which is much smaller than that of reported
tetrahedra, rhombic dodecahedra, and cubic Ag3PO4 particles.[19]

The excellent visible optical absorption property of the micro-
motors facilitates the inducement of photochemical reactions in
the visible range of the solar spectrum. Other factors such as the
wettability of the surface and the surrounding fluid can also have
a significant impact on the performance of the micromotors be-
cause of the surface tension or capillary forces to operate.[20] As
shown in Figure 2d,e, TAMs present good hydrophilicity in water
(contact angle CA = 25°), which facilitates the motion and in-
creases the biocompatibility of micromotors. Besides, the surface
charge of TAMs also plays an important role in bacterial removal
applications. Figure S2 (Supporting Information) represents the
zeta potential values of TAMs, which exhibit a positive surface
charge. As a result, it leads to an electrostatic attraction with the
negatively charged bacterial cell walls, increasing the chances

of a higher contact between the micromotors and the bacterial
surface.

2.2. Motion Characterization of TAMs

The motion trajectories of single-component micromotors are
greatly affected by their morphologies and external factors such
as overlapping gradients from neighboring particles and pho-
togenerated chemical gradient around the particle. The motion
capabilities of TAMs were evaluated in pure water and glucose
under UV and visible light irradiation. Figure 3a and Figure S3
(Supporting Information) show the screenshots of the circular
motion trajectories of TAMs under visible and UV light irradi-
ation in pure water, respectively (Videos S1 and S2, Supporting
Information). The motion of TAMs in glucose (Figure S4, Sup-
porting Information) under visible and UV light irradiation is
included in Videos S3 and S4 (Supporting Information), respec-
tively. In general, two types of motion behaviors were observed,
varying from rotational to linear motion directions. However,
since it was not observed a homogeneous trend under each spe-
cific light wavelength, such differences in their motion modes
might be related to defects in their morphology that affect the lo-
cal flow generated around the micromotors instead of the wave-
length light source.[21]

As can be seen from Figure 3b, TAMs can reach similar
speeds under UV or blue light irradiation for the different chem-
ical environments, showing, in any case, the highest velocity of
≈8.0 μm s−1 in the presence of glucose under UV light irradiation

Adv. Optical Mater. 2024, 12, 2303137 2303137 (3 of 11) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

 21951071, 2024, 16, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202303137 by Spanish C
ochrane N

ational Provision (M
inisterio de Sanidad), W

iley O
nline L

ibrary on [18/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

Figure 3. Motion characterization of TAMs. a) Motion trajectories of TAMs in pure water under blue light (scale bar: 10 μm). b) Speeds of TAMs in the
presence of different solutions under UV and blue light, respectively (the bars represent the mean and the error represent the standard deviation of the
mean; n = 15). c) Proposed photocatalytic motion mechanism of TAMs. d–f) FESEM images of TAMs in the presence of glucose after 10 min of UV light
irradiation.

(6.4 μm s−1 under blue light irradiation). Such values are compa-
rable to other types of photocatalytic micromotors based on short-
bandgap materials, such as Cu2O.[22]

The motion mechanism can be explained by considering the
photocatalytic behavior of TAMs (Figure 3c). Upon irradiation,
electrons in the valence band (VB) are promoted to the con-
duction band (CB). The photogenerated holes react with wa-
ter or glucose, leading to the formation of O2 or carbon-based
intermediates,[22] respectively. Meanwhile, the photogenerated
electrons reduce the released Ag+ ions into Ag NPs, leading to
the self-photoreduction of Ag3PO4, as shown in Equation (1).[16a]

Since these photogenerated ions diffuse at different rates, it
drives the motion of TAMs by self-diffusiophoresis.[16b] Consider-
ing that visible-light-responsive TAMs can be efficiently activated
in the presence of glucose, it offers a promising alternative to
enzyme-catalyzed glucose oxidation.[22,23]

4Ag3PO4 + 6H2O → 4Ag + 8Ag+ + O2 + 4OH− + 4H2PO−
4 (1)

Given that the releasement of Ag+ ions by Ag3PO4 under light
irradiation might affect its stability,[24] we further studied the mo-
tion behavior of the micromotors under a long-term irradiation

in the presence of different fuels. We observed that TAMs re-
lease Ag NPs while moving in the surroundings. A faster self-
photodegradation process was observed in the presence of glu-
cose in comparison to water. This can be attributed to the fact
that this fuel acts as a hole scavenger, enhancing the availability
of photogenerated electrons that participate in the reduction of
the photogenerated Ag+ ions into Ag NPs.

Additionally, we collected liquid samples in the presence of
TAMs under both dark and light conditions. Prior to analysis,
the solid was removed by centrifugation and the liquid samples
were further analyzed by inductively coupled plasma mass spec-
trometry (ICP-MS) measurements. As can be seen from Table S1
(Supporting Information), TAMs release silver under both con-
ditions, with significantly higher levels detected after irradiation.
We also performed FESEM characterization of TAMs following
prolonged irradiation. Figure 3d–f illustrates the surface etching
of TAMs after 10 min of light irradiation in the presence of
glucose.

Similar behaviors were observed in water, where released Ag
particle sizes ranged between 0.2‒0.6 μm (Figure S5, Supporting
Information). Despite the self-reduction process, the structural
and chemical properties were maintained, as confirmed by XRD

Adv. Optical Mater. 2024, 12, 2303137 2303137 (4 of 11) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. Numerical simulations of TAMs. a,b) Characteristic lengths and angles of the geometry used in the simulations to model the tetrapod. Here
we show the symmetric case L1 = L2 = L. c) surface mesh that is used to discretize the surface. d) Dimensionless magnitude of the translational velocity
component projected on the x-y plane and e) Dimensionless magnitude of the angular velocity as a function of the length L1 and L2 of the tetrapod legs.
If L1 ≠ L2 ≠ L the symmetry of the particle is broken, and the tetrapod acquires a translational and rotational velocity.

and Fourier-transform infrared spectroscopy (FTIR) characteri-
zation before and after irradiation (Figures S6 and S7, Supporting
Information).

Complementarily, we performed numerical simulations using
the finite element method to understand the origin of the motion.
For this purpose, we considered a tetrapod consisting of four el-
lipsoids of major axis, L, and minor axis, d, that are oriented along
the four vertices of a tetrahedron with the addition of a sphere of
diameter, d, placed at the center (Figure 4a,b). To match the geo-
metrical proportions of the tetrapod used in the experiments, we
choose d = 1 μm and L = 6 μm. Since a tetrahedron is symmet-
ric under rotation around the z-axis, translations in the x-y plane
and rotations around any of the axes are forbidden by symme-
try. However, we show here that motion and rotation can occur if
two of the ellipsoids forming the legs of the tetrahedron display
a different length L1 ≠ L2 ≠ L.

We assume that the reactive species produced during the re-
action interact with the surface of the tetrapod driving a diffusio-
phoretic flow over a small length-scale of the size of the Debye
layer. Since the reaction involves charged reactants and products,
which greatly complicates a detailed analysis,[25] we simplified

the model by assuming that only one of the product species inter-
acts with the surface and drives the diffusiophoretic surface flow.
This allows us to simulate only one concentration field, which
we denote with c. Since the velocity of the motor is small, we ne-
glect the transport of species due to advection. It follows that the
product species, c, satisfies the diffusion Equations (2) and (3):

D Δc = 0 (2)

With D the diffusion coefficient of the reactive species and Δ
denotes the Laplacian operator. The product species is produced
at a rate R(x) on the reactive part of the surface, where x is the
coordinate of a point on the surface of the tetrapod:

−D ∇c ⋅ n = R (x) (3)

In the experiments, the surface catalytic activity is driven by ir-
radiation with light from below and directed vertically, i.e., along
the z-axis in Figure 4. As a result, it is reasonable to assume
that the reaction rate decreases along the z coordinate. We model
this by choosing R(x) = R on the lower surface of the ellipsoid

Adv. Optical Mater. 2024, 12, 2303137 2303137 (5 of 11) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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forming the legs and R(x) = 0 on the remaining surface of the
tetrapod. The reactive portion of the particle is shown as the yel-
low surface in Figure S8 (Supporting Information), while the in-
active portion is shown in purple.

We assume that the concentration of the product is zero at in-
finity, which is a good approximation, at least at the beginning
of the reaction. In the computational model, the boundary con-
dition, c = 0, at infinity is placed on a sphere with a radius r =
300 μm, which is much larger than the size of the tetrapod. Us-
ing a larger domain with r = 500 μm gave indistinguishable re-
sults. The computational domain is discretized into tetrahedral
elements that are smaller near the tetrapod and become larger as
the distance from the surface increases. Figure 4c gives an exam-
ple of the elements of the mesh on the boundary of the tetrapod.

The gradients of product species drive surface flows, vs, pro-
portional to the diffusiophoretic coefficient, b,

vs = b∇∥c (4)

where ∇∥ is the gradient operator along the surface of the tetra-
pod defined as ∇∥ = ∇ · (I − nn), with I the identity tensor. The
diffusiophoretic coefficient, b, depends on the details of the inter-
action between the product and the surface of the tetrapod and
the viscosity of the liquid.[26] Here, we treat b as an unknown pa-
rameter.

The fluid flow around the tetrapod satisfies the Stokes flow
Equations (5) and (6)

𝜂 Δv − ∇p = 0 (5)

∇ ⋅ v = 0 (6)

With 𝜂 the shear viscosity of the liquid. The translational and
rotational velocity of the tetrapod are then computed using the
force-free and torque-free conditions (Equations (7) and (8))

∫S
n ⋅ 𝜎 dS = 0 (7)

∫S
r × (n ⋅ 𝜎) dS = 0 (8)

where S is the surface of the tetrapod, r is the distance vector of
any point of the surface from the center of the tetrapod and 𝜎 is
the Cauchy stress tensor given by Equation (9)

𝜎 = 𝜂

2

(
∇v + ∇vT

)
− p I (9)

We used cubic elements that are used to discretize the concen-
tration field and the velocity field and quadratic elements to dis-
cretize the pressure field. We first solve the concentration field
and then use the diffusiophoretic velocity to solve the Stokes
problem. The resulting linear systems are solved using an iter-
ative solver.

The solution to the Equations (2)–(9) yields the kinematics of
the tetrapod for different lengths of the two legs of the tetrapod,
L1 and L2. In Figure 4d, we report the contour plot of the mag-
nitude of the projection of the translational velocity on the x-y
plane, rescaled by b R/D. In Figure 4e we report the magnitude

of the angular velocity, rescaled by D d/b R. Since the governing
equations are linear, the dimensionless translational velocity and
rotational velocity depend on the geometry of the tetrapod only.
Figure 4d,e shows that, if the length of the legs of the tetrapod,
L1 and L2 are different from L, then the active particle acquires
a translational and a rotational velocity. This result is consistent
with the experimental observation that the length of the legs of
the tetrapod change in time as the chemical reaction consumes
the tetrapod. Indeed, our simulations show that the translational
and rotational velocities are the largest when the three legs have
different length, L1 ≠ L2 ≠ L. In summary, the numerical results
suggest that the geometrical asymmetry of the tetrapod generated
by the chemical reaction is responsible for the trajectory observed
in the experiments.

We further conducted a study to investigate the motion and
stability of TAMs under acidic and basic pH conditions. The mi-
cromotors were not stable in highly acidic environments (pH 3.5)
as most of them were already broken apart. However, this effect
was less significant at a basic pH of ≈10. The reason for these dif-
ferent behaviors may be attributed to a lack of chemical stability
of Ag3PO4 in such acidic media and/or the reduced availability
of photogenerated holes under acidic conditions compared to a
basic environment.[27] Consequently, there is a greater amount
of photogenerated electrons that convert Ag+ ions into metallic
Ag.[28]

2.3. Antimicrobial Activity of TAMs

By taking advantage of the active motion of TAMs and the simul-
taneous release of Ag ions/NPs under light irradiation, we fur-
ther investigated the antibacterial activity of these micromotors
against pathogenic microorganisms (Figure 5a). We selected E.
coli and S. aureus as representatives of Gram-negative and Gram-
positive bacteria, respectively. Initially, our focus was on studying
the interactions and motion behaviors of the TAMs in the pres-
ence of bacteria. Surprisingly, we observed that the micromotors
self-degrade much faster in the presence of both types of bacteria
(Video S5, Supporting Information). A complete self-degradation
times of TAMs were generally 35 s and 60 s in the presence of
E. Coli and S. aureus, respectively (Figure 5b,c). This results in a
higher availability of Ag NPs in the liquid media (Video S6, Sup-
porting Information).

Additionally, we investigated the bactericidal activity of TAMs
in water under blue irradiation by fluorescence microscopy. Pro-
pidium iodide (PI) was used as a fluorescent probe to identify
dead cells, indicated by a red fluorescent color (Figure 5d).[29]

As can be seen from Figure 5e, in the absence of light, only a
few dead E. Coli cells were observed. However, upon activation
of TAMs under visible light, nearly all E. Coli cells exhibited a
red fluorescent color, proving the high photoactivity of the mi-
cromotors after a brief period of light exposure. Such antibac-
terial effect can be attributed to the ability of TAMs to generate
highly oxidizing reactive oxygen species (ROS) during photocat-
alytic process, along with the release of silver (Ag NPs/Ag+ ions)
into the surrounding media, which disrupt the cell membrane of
microorganisms.[23,30]

Complementarily, we validated the antibacterial activity of
TAMs by the colony-forming units (CFU) method. To accomplish
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Figure 5. Interactions of TAMs and bacteria under light irradiation. a) Schematic illustration of the interaction with bacteria. b) Photodegradation
evolution of TAMs over time in the presence of E. coli and c) S. aureus under light irradiation; Yellow arrows point to bacteria that are being attacked by
Ag NPs. d,e) Fluorescence microscopy images showing the antibacterial activity of TAMs against E. coli. Scale bar: 10 μm.

this, we assessed the logarithmic reduction of CFU in the pres-
ence of the micromotors under both dark and visible light irra-
diation, using the single plate-serial dilution spotting (SP-SDS)
assay with E. coli and S. aureus. Briefly, the micromotors at dif-
ferent concentrations (0.01, 0.05, 0.1, 0.5, and 1 mg mL−1) were
incubated for 5 and 30 min for each bacteria strain, under both
light and dark conditions. When the micromotors were incubated
with E. coli and irradiated with light (𝜆 = 500 nm) for 5 min,
we observed a CFU log reduction of ≈−2.5 (Figure 6a). Inter-
estingly, the antibacterial efficacy decreased when the incubation
was performed under dark conditions, suggesting a beneficial ef-
fect of light exposure on the mobility of the micromotors and
their enhanced interaction with bacteria. With longer incubation
times (30 min), we observed higher CFU log reduction in both
light and dark conditions, albeit with a higher antibacterial ef-
fect when exposed to light. SEM images show the direct con-
tact between TAMs and bacteria and the released Ag NPs on the
surface of dead bacteria after irradiation, which further demon-

strates their high affinity on the surface of TAMs (Figure 6b).
Similar trends were observed with S. aureus (Figure 6c,d), show-
ing even increased antibacterial efficiency (CFU log reduction of
≈−3.1 for 5 min of incubation), probably because the lack of an
outer membrane in Gram-positive bacteria, which weakens their
barrier against damage. On the contrary, Gram-negative bacte-
ria possess an outer membrane that provides resistance to al-
terations in hydrophobic properties or oxidative stress, making
them more resilient to antibiotics.

Overall, the incubation with two different bacteria strains re-
vealed an antibacterial activity of the micromotors above 99.999%
when irradiated with light and incubated for 30 min. Further-
more, among the different concentrations tested, it was found
that 0.05 mg mL−1 was enough to observe a drastic reduction
in the bacteria populations (Figures S9–S11, Supporting Infor-
mation). The enhanced antibacterial activity of TAMs under
light irradiation may be attributed to their self-propulsion and
an increased availability and dispersion of Ag NPs due to the

Adv. Optical Mater. 2024, 12, 2303137 2303137 (7 of 11) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 6. Antibacterial activity of TAMs. a) Colony-forming unit (CFU) logarithmic reduction of E. coli under dark and visible light (𝜆 = 500 nm) and
without TAMs (control). The error bars represent the standard deviation of the mean; n = 5. b) SEM images of TAMs in the presence of E. Coli after
30 min reaction under visible light irradiation. c) Colony-forming unit (CFU) logarithmic reduction of S. aureus under dark and visible light (𝜆 = 500 nm)
and without TAMs (control). The error bars represent the standard deviation of the mean; n = 5. d) SEM images of TAMs in the presence of S. aureus
after 30 min reaction under visible light irradiation. e) E. Coli and f) S. aureus biofilm treated with TAMs under dark and visible-light exposure conditions
for 60 min and three different concentrations (0.05, 05, and 1 mg mL−1). The bars represent the mean and the error represents the standard deviation
of the mean; n = 6.

self-photodegradation process occurring as they move within the
liquid media.

To further validate the enhanced antibacterial properties at-
tributed to the self-propulsion and photocatalytic activity of TAMs
induced by light irradiation, two additional experiments were per-
formed. In the first experiment, Ag NPs at a concentration of
1 mg mL−1 were incubated for 5 and 30 min against E. coli and S.
aureus strains, under both light and dark conditions. The results
showed a CFU log reduction of ≈−1.3 and −2.9 for 5 min and
30 min of incubation, respectively (Figure S12, Supporting In-
formation). Notably, this reduction was less than half when com-
pared with the efficacy of TAMs. Furthermore, exposure to light
did not exhibit any positive effect on the bactericidal capacity of
Ag NPs. These findings suggest that the antibacterial efficiency of
TAMs cannot solely be attributed to the release of Ag NPs or ions.
Instead, the self-propulsion of TAMs facilitates enhanced inter-
actions with bacteria, thereby avoiding their propagation more
effectively.

To shed more light in this phenomenon, a second experi-
ment was performed involving the immobilization of TAMs on
a glass surface. In this experiment, TAMs at a concentration of
1 mg mL−1 were drop casted on top of glass substrate, dried and
subsequently inoculated with both E. coli and S. aureus strains.
Interestingly, when irradiated with light, the immobilization of
TAMs considerably diminish their antibacterial capacity. Specifi-

cally, a CFU log reduction of ≈−1 and −0.5 was observed for 30
and 5 min, respectively (Figure S13, Supporting Information).
Comparatively, in previous experiments where TAMs were freely
moving in suspension at the same concentration, the CFU log
reduction reached values of ≈−6 and −3 for 30 min and 5 min,
respectively. Overall, these results demonstrate the essential role
of the TAMs motion to endow the system with more efficient an-
tibacterial capacity.

In addition to studying planktonic cells, we further evaluated
the capabilities of TAMs for biofilm eradication using two differ-
ent bacterial biofilms (E. coli and S. aureus). The biofilm viability
assay was performed under dark and light exposure at three dif-
ferent concentrations (0.05, 05, and 1 mg mL−1). As shown in
Figure 6e, the presence of TAMs dramatically affected E. Coli-
based biofilm viability, which was highly decreased in dark con-
ditions (with a reduction of 46%, 58%, and 74% for 0.05, 05, and
1 mg mL−1 of TAMs, respectively). Moreover, biofilm viability de-
creased even further under light exposure (with a reduction of
66%, 76%, and 89% for the concentrations of TAMs of 0.05, 05,
and 1 mg mL−1, respectively).

Similar trends were observed for S. aureus-based biofilm,
with a high viability decrease of the biofilm under both dark
and light conditions (Figure 6f). Specifically, under dark con-
ditions, biofilm viability decreased by 50%, 62%, and 76% for
concentrations of TAMs of 0.05, 05, and 1 mg mL−1 of TAMs,

Adv. Optical Mater. 2024, 12, 2303137 2303137 (8 of 11) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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respectively. Under light exposure, these reductions were even
more pronounced, with a reduction of 69%, 79%, and 93% for
the respective concentration of TAMs of 0.05, 05, and 1 mg mL−1,
respectively. Consistent with previous findings, TAMs were more
effective under light conditions with higher antibacterial activity
when incubated with S. aureus. The biofilm eradication was fur-
ther confirmed through fluorescence imaging, which revealed a
reduction in biofilm intensity with increasing concentrations of
TAMs (Figure S14, Supporting Information).

The excellent antibacterial properties shown by the TAMs can
be explained through multifaceted mechanisms. As has been pre-
viously reported, Ag-based nanomaterials have the ability to ef-
ficiently kill microorganisms through the interaction with the
cell membranes, where the Ag+ ions in the bacteria surround-
ings can damage its permeability by generating surface tension,
therefore inducing high lateral stress. Such stress causes irre-
versible membrane damage and its subsequent death, leading
to leakage of cell contents.[31] Besides, the penetration of Ag+

ions into the cytoplasm promotes the disruption of several cel-
lular functions over the denaturation of the bacterial proteins
and by forming complexes with nucleic acids, causing the inter-
ruption of DNA replication.[32] Among these mechanisms, the
photocatalytic properties of TAMs play an essential role in in-
activating pathogens by the production of ROS under visible
light irradiation.[33] In this regard, we conducted tests to mea-
sure the photogeneration of ROS by TAMs, evidencing the pro-
duction of H2O2, O2

⦁−, and ⦁OH radicals (Figure S15, Supporting
Information).

Moreover, the antibacterial properties can be enhanced by
the specific features of the micromotors. In this sense, the hy-
drophilicity and the positive surface charge of TAMs substantially
contributed to the bacteria damage. Hydrophilicity facilitates the
efficient dispersion of TAMs in water-based media, where bac-
teria typically thrive, thereby enhancing interactions at the bio-
interface. Moreover, the positively charged surface of TAMs pro-
motes their accumulation in the vicinity of negatively charged
bacteria due to attractive forces. This accumulation translates
into higher antibacterial efficiency and better dispersion of bac-
tericidal agents. It is worth noting that all the mechanisms dis-
cussed previously are potentially enhanced by the autonomous
movement of TAMs, providing significant advantages in break-
ing through biological barriers. This motion allows for acceler-
ating ion penetration and physical damage of bacterial cell walls
and biofilms.

3. Conclusion

In conclusion, we have successfully fabricated tetrapod-like
Ag3PO4 micromotors via a simple precipitation method without
the use of surfactants. The unique tetrapod structure of TAMs
confers efficient motion propulsion in the presence of biocom-
patible fuels under visible light irradiation. Interestingly, these
micromotors exhibited a tunable motion mode and excellent
on/off characteristics achieved by alternating light sources and
chemical environments. Moreover, these photoactive micromo-
tors showed remarkable antibacterial activity against two bacte-
rial strains for both planktonic and biofilms, achieving a reduc-
tion of bacterial population above 99.999% and 89% decrease
when exposed to visible light and incubated for 30 min, respec-

tively. The high bactericidal capabilities of TAMs were attributed
to their active motion and self-degradation with the concomitant
release of Ag ions/NPs and ROS under light-irradiation. A signif-
icant reduction in bacterial population and biofilm removal was
obtained at a concentration of 0.05 and 1 mg mL−1, respectively,
evidencing the potential of these devices for water purification.
These results highlight the structure-propulsion-activity relation-
ships for bacterial removal, which provides a new vision to design
photoactive micromotors for biological and environmental appli-
cations with self-degradable abilities.

4. Experimental Section
Reagents: Silver nitrate (AgNO3), ammonia solution (28–30% anal-

ysis), sodium phosphate monobasic dihydrate (NaH2PO4·2H2O), and
poly-ethylene glycol (PEG-400) were purchased from Sigma-Aldrich.
Deionized water (Milli-Q, 18.6 MΩ) was used throughout all experiments.

Synthesis of TAMs: TAMs were synthesized by a facile precipitation
method as described as follows: First, AgNO3 (0.1 g) was dissolved in
water (6 mL) and NH3·H2O (168 μL) to form solution 1. Then, Na2HPO4
(4.44 g) was dissolved in water (43 mL) and PEG-400 (6 g) to form solu-
tion 2. Then, solution 1 was dropwise added into solution 2 under stirring
(400 rmp) at 60 °C for 1 h (Figure 1a). Finally, the light-green powder was
collected by centrifugation, washed, and dried.

Characterization of TAMs: The surface morphology of the TAMS was
characterized by high-resolution FESEM with a focused ion beam (Ga)
(FESEM-FIB, Zeiss Supra 35 at 5 kV, 25 pA), and the chemical analysis of
the films was performed on a FESEM Inspect F50 with EDAX. UV–vis dif-
fuse reflectance spectrometer (DRS) (Agilent Cary 60) with a wavelength
range of 200–800 nm was used to collect absorption spectra. XRD was ob-
tained with a Bruker AXS D8-Discover diffractometer (40 kV and 40 mA).
The zeta potential values of the powder samples suspended in water were
measured using a ZSNano Zetasizer instrument (ZEN 3600, Malvern). For
the contact angle measurements, the TAMs powder (10 mg) was first sus-
pended in water (5 mL) and the resulting suspension was spray coated
onto a glass substrate to form the film. Then, the contact angle of the
film was measured by Krüss drop shape analyzer DSA 100. The amount
of Ag released by the TAMs under dark and light irradiation was quanti-
fied by ICP-MS (Agilent 7900). For this purpose, a suspension of TAMs
(1 mg mL−1) in water was kept in the dark or under UV–vis light irradia-
tion for 30 min. After this, the TAMs were collected by centrifugation and
the amount of the remanent Ag from the liquid samples was measured.
The motion speeds of the TAMs were estimated by a FIJI software from the
recorded videos using a confocal microscope (Nikon TE 2000E) coupled
to a halogen lamp and a Hamamatsu camera.

Bacterial Growth Conditions: Escherichia coli (MG1655) and Staphylo-
coccus aureus (CECT86) were streaked on a 100 mm petri dish contain-
ing Miller’s Luria-Bertani (LB) with agar and incubated for 24 h at 37 °C
(Forma Series II Water-Jacketed CO2 Incubator). Bacteria cultures were re-
suspended in NaCl saline solution 0.9% and the optical density (OD_600)
of the suspension was adjusted (Fisherbrand Cell Density Meter Model 40)
to 0.2 for E. coli and 0.3 for S. aureus. All procedures were performed under
a laminar flow cabin and sterile techniques.

SP-SDS Methodology: Before testing the antibacterial properties of
TAMs, the powder was introduced in 10 mL glass vials and exposed to UV
light for 1 h for its sterilization. Then, different concentrations of TAMs
(0.01 mg mL−1, 0.05 mg mL−1, 0.1 mg mL−1, 0.5 mg mL−1 and 1 mg
mL−1) were added to a vial containing each bacteria strain. After obtain-
ing the corresponding OD_600 for each bacteria suspension, 120 μl were
inoculated in the vial with the sample. After the desired incubation time
(5 and 30 min), dilution −1 was obtained directly with the sample inside
the vial. Subsequently, the remaining serial dilutions (−2 to −5) were also
performed. Plates were seeded following the already described methodol-
ogy for SP-SDS[34] and incubated for 24 h at 37 °C. After this time, viable
CFUs were read, having a total number of repetitions of N = 5 for each

Adv. Optical Mater. 2024, 12, 2303137 2303137 (9 of 11) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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condition. Experiments with light exposition were performed using a lamp
with a 500 nm emission tube (VL6, Vilber Lourmart). Results were repre-
sented with OriginPro version 9.8.0.200 software.

Interaction of TAMs with Bacteria: E. coli cells were stained with a PI
dye. For the optical visualization of the antibacterial effect of TAMs, a sus-
pension of E. coli and micromotors (40 μL) was mixed with PI staining
dye (1 μL, 0.5 mg mL−1). Time-lapse images were taken with a confocal
microscope (Nikon TE 2000E) under light exposure.

Biofilm Experiments: Bacterial cultures of E. coli (MG1655) or S. aureus
(CECT86) were diluted in brain heart infusion broth (BHI) medium to ad-
just an OD_600 of 0.2. Then 200 μL of bacterial inoculum were pipetted
into 96- well plates for 7 days of incubation at 37 °C, changing the medium
every day. After incubation, the formed biofilm plates were washed three
times with phosphate-buffered saline (PBS). The TAMs were added at dif-
ferent concentrations (0.05, 0.1 and 1 mg mL−1), applying two different
conditions: dark and light (irradiating the plate with a lamp) and incubated
for 60 min. After incubation, the biofilms were washed three times with
PBS. The biofilm viability was evaluated by measuring the fluorescence
of each well (560/590 nm, excitation/emission), using alamarBlue stain-
ing (ThermoFisher Scientific) following the specifications from the manu-
facturer. The experiments were performed by doing 6 repetitions for each
control and TAMs concentrations. Error bars are expressed as the standard
deviation. Controls only with bacteria and in the presence/absence of light
(VL6 lamp) were performed. Fluorescent images of the biofilm were ob-
tained using a Zeiss Axio Observer Z1m (Carl Zeiss AG, Jena, Germany)
microscope in fluorescence mode and Alexa Fluor 546 filter.

ROS Production Assay: A fluorogenic kit MAK143 (Sigma Aldrich,
Merck) was used and applied as indicated by the manufacturer. First,
180 μl of Master-Reaction-Mix (MRM) were mixed with 20 μl of water.
Then, the TAMs were added at different concentrations (0.05, 0.1, and
1 mg mL−1). The fluorescence was measured at 5 and 30 min after irradi-
ating with light, keeping a temperature of 25 °C (Varioskan LUX, Thermo
Scientific and 𝜆excitation = 490 nm/𝜆emission = 525 nm for excitation and
emission wavelength, respectively). Three repetitions of each condition
were performed.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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