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The development of self-propelled nanomotors offers a promising strategy to enhance targeted drug
delivery efficiency in cancer therapy. Active motion is believed to aid nanomotors in overcoming the
physical barriers of the tumor microenvironment, allowing for deep tissue penetration; however, this
crucial concept lacks detailed mechanistic understanding. In this study, we report catalase and
collagenase dual-enzyme functionalized zeolitic imidazolate framework-90 (ZIF-90) nanomotors.
Catalase enables the nanomotors with self-propulsion in the presence of low amount of hydrogen
peroxide, while collagenase enables catalytic decomposition of collagen, a major component of the
extracellular matrix (ECM), thereby enhancing motility and facilitating deeper penetration into the ECM.
Experimental and computational studies elucidated the detailed mechanisms governing ECM penetration
kinetics. Using a three-dimensional tumor spheroid model, the nanomotors demonstrated enhanced
tissue penetration, leading to improved drug delivery and a significant reduction in cell viability. These
findings underscore the potential of self-propelled nanomotors to improve drug delivery efficiency in
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Introduction

Over the past several decades, significant advancements have
been made in the treatment of numerous complex and long-
standing diseases, leading to the development of novel ther-
apeutics for previously untreatable conditions. However, many
of these pharmaceutical interventions continue to present
substantial challenges, including adverse side effects such as
toxicity to healthy tissues,"™ inefficacy in targeting specific
pathological sites,” and poor bioavailability.” For example, many
drugs are degraded by endogenous enzymes in the gastrointestinal
tract, limiting their effectiveness when administered orally, despite
promising in vitro results.® To overcome these limitations,
nanoparticle-based drug delivery systems have emerged as a
promising strategy to enhance therapeutic precision and efficacy.
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solid tumors by leveraging both biocatalytic activity and active motion to navigate biological barriers.

The utilization of nanoscale particles as carriers has the
potential to transport therapeutic agents to specific sites within
the body,” thereby establishing a controlled and precise drug
delivery system. These nanoparticles can be engineered with
tailored physicochemical and biological properties to enhance
drug bioavailability,® stability,” and facilitate targeted delivery,'®
which improves therapeutic efficacy while minimizing adverse
effects. By encapsulating drugs within nanoparticles or conjugating
them to the nanoparticle surface, the delivery system protects the
active pharmaceutical ingredients from degradation,"' enhances
solubility,"”” and enables controlled release.>™*® Moreover, nano-
particle-based drug delivery systems can be designed to selectively
target diseased tissues or cells, such as tumors, thereby reducing
off-target toxicity and improving the overall therapeutic index."”

However, once nanoparticles are introduced into the human
body, their movement is predominantly passive, as they lack
autonomous motility. Furthermore, they encounter various
biological barriers prior to reaching the target site.'® For
instance, during cancer progression, malignant cells promote
stiffening of the extracellular matrix (ECM), resulting in a more
abundant, denser, and rigid matrix.'® Dysregulation of the ECM
is a key distinction between tumor and normal tissues.*® This
altered ECM poses a significant barrier, significantly limiting
the penetration of nanoparticles into the interior of tumor
tissues,?™*? thereby limiting their therapeutic efficacy.>® In fact,
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statistics show that on average, only about 0.7% of adminis-
tered nanoparticles successfully reach solid tumors.>***

Recently, artificial micro-/nanoscale motors, commonly
referred to as nanoswimmers, have emerged as promising
candidates in nanomedicine.”*** Nanoswimmers are devices that
convert various energy sources into mechanical motion or actuation
in liquid environments.** Unlike conventional nanoparticles, they
exhibit self-propelled motion with defined directionality and velo-
city, allowing them to execute more complex tasks.** Beyond the
typical characteristics of conventional passive micro- and nano-
particles, the active motion of nanoswimmers offers tremendous
potential for drug delivery, including overcoming biological barriers,
enhancing cellular uptake,*®™” enabling site-directed cell
destruction,®®*° and improving in vivo therapeutic efficacy.****
Despite some progress in the development of therapeutic drugs
and drug delivery systems in recent years, the penetration of drugs
into tumor tissues remains a significant challenge due to the
inherent biological barriers of tumors. Although many nano-
particle-based delivery systems rely on enhanced permeability and
retention (EPR) effects and targeted delivery to reach tumor
regions,”™® these approaches are often inadequate in achieving
effective tumor coverage.

In this context, while recent research efforts focus on the design
of intricate nanoswimmer morphologies and diverse propulsion
mechanisms,**™> how to enable these nanoswimmers to success-
fully navigate through the dense ECM remains an unresolved
challenge.’®* The extracellular matrix not only serves as a physical
barrier but also has a complex biochemical structure that limits
the effective penetration of nanoparticles. Existing studies mainly
focus on optimizing propulsion mechanisms, yet there is a lack
of direct visualization and detailed mechanistic understanding of
how to effectively overcome this biological barrier and penetrate
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deeply into the tumor microenvironment. To address this chal-
lenge, we have developed a nanoswimmer (i.e. nanomotor) capable
of simultaneously degrading the ECM within the tumor micro-
environment and propelling itself, thereby significantly enhancing
intratumoral drug penetration. This strategy overcomes the limita-
tions of conventional drug delivery systems and advances the
application of nanoswimmers for improved tumor therapy.

In this study, we report a catalase and collagenase dual-
enzyme-functionalized biocatalytic nanomotor as a model to
study ECM penetration. Using ZIF-90 nanoparticles as the
structural basis, the nanomotor incorporates catalase, which
catalyzes the decomposition of hydrogen peroxide in the sur-
rounding environment, providing propulsion force. Given that
collagen constitutes a major component of the ECM,> the
nanomotor’s surface is functionalized with collagenase to bioca-
talytically degrade collagen, thereby further enhancing its move-
ment through the dense and rigid ECM. Upon reaching tumor
cells, the nanomotor achieves targeted drug release through a
dual-responsive mechanism sensitive to both pH and ATP levels,
thereby enabling effective drug delivery within solid tumor tissues
(Fig. 1). This study aims to improve our understanding of the
nanomotor’s navigational capabilities within the tumor microen-
vironment, overcoming biological barriers that typically impede
the conventional nanoparticle-based drug delivery system.

Materials and methods
Reagents and materials

Polyvinylpyrrolidone (Mw 10 000), imidazole-2-carboxaldehyde
(ICA), zinc nitrate hexahydrate, and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) were purchased from

Fig. 1 Schematic diagram of ZIF-90 nanomotors with enhanced ECM penetration.
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Merck. Calcein-green and the LIVE/DEAD™ Fixable Violet Dead
Cell Stain Kit were obtained from Thermo Fisher Scientific.
Matrigel and Transwell inserts were supplied by Corning.
All other chemicals were procured from Merck and used with-
out further purification.

Nanomotor fabrication

Synthesis of CAT-COL@ZIF-90-DOX. To synthesize CAT-
COL®@ZIF-90-DOX, 38.4 mg of ICA and 40 mg of PVP were
dissolved in 1 mL of DI water, while a 0.1 M ethanol solution of
zinc nitrate was prepared separately. To initiate the reaction,
1 mL of the ICA solution was added to a stirring apparatus,
followed by the addition of 200 pL of catalase solution
(5 mg mL ") and 200 pL of DOX solution (5 mg mL'). After
thorough mixing, 1 mL of the zinc nitrate ethanol solution was
added, and the reaction mixture was stirred for 15 minutes. The
resulting product was centrifuged and washed three times with
Milli-Q water, yielding CAT@ZIF-90-DOX. Next, 2 mL of the
CAT@ZIF-90-DOX solution was combined with 200 pL of col-
lagenase solution (5 mg mL™") and 20 pL of NaCNBH; solution
(320 mg mL™" in 1 M NaOH). The mixture was stirred for six
hours, then centrifuged and washed three times with Milli-Q
water, resulting in the final product, CAT-COL@ZIF-90-DOX.

Motion analysis. Hydrogen peroxide solutions of varying
concentrations were added to grooved glass slides, followed
by the introduction of fluorescently labeled nanomotors. The
nanomotors were observed under a microscope, and images
were captured every 100 milliseconds, resulting in a total of
30 images. The nanomotor coordinates were then analyzed
using Image] to map their trajectories.

Preparation of the collagen film. Before use, the membrane
of the standard Transwell device was removed. A layer of
Parafilm was then placed at the base of the empty Transwell,
and a type I collagen solution (60 pL, 10 mg mL™"') was
dispensed onto it. Glutaraldehyde solution (4 pL, 10%) was
added as a crosslinking agent. The setup was left to dry at room
temperature for 48 hours, after which the Parafilm was carefully
removed, leaving a collagen membrane formed on the Trans-
well framework.

Nanomotor penetration study using Transwell. 4T1 cells
were seeded at the bottom of a 24-well plate with prepared
1640 medium (1640: FBS/penicillin/streptomycin = 100:10: 1)
and incubated at 37 °C to allow for cell attachment and growth.
After 48 hours, the medium was replaced with fresh 1640
medium, and Transwell inserts containing the test material
(nanomotors and collagen membrane in 1640 media) were
introduced. The cells were co-cultured with the test material
for 24 hours. Following the 24-hour exposure, cell viability was
assessed using the MTT assay to evaluate the cytotoxic effects of
the test material.

A computational model of particle motion. This model
focuses on evaluating the penetration efficiency of nanomotors
through collagen films of varying thicknesses. All simulations
were performed using COMSOL Multiphysics v.6.2 (COMSOL
Inc., Burlington, MA), integrating the transport of diluted species
and particle tracing for fluid flow physics.

This journal is © The Royal Society of Chemistry 2025
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Model geometry. The geometrical parameters of the model
were based on the experimental setup. A container filled with
an H,O, solution was represented by a rectangular domain,
while the collagen film was modelled as a thin rectangular
region positioned at the bottom of an internal support struc-
ture within the container (Fig. S1, ESIt).

Transport of diluted species physics. The diffusion coeffi-
cient and initial concentration of nanomotors were defined
using the transport of diluted species physics.

The diffusion coefficient, D, was calculated using the
Stokes-Einstein relation:

kg T 1.38x 1072 JK~'-300K

= = =439x10"" m’s™!
6mnr, 6% 7mx2x 105 Pas x 250 nm s

where kg represents the Boltzmann constant. 7 denotes the
temperature. 5 represents the dynamic viscosity, and r;, is the
nanomotor radius.

The initial nanomotor concentration in all domains was
defined as cjnj, expressed by:

Cinit = Co-(1 — fle2hs(x® + > — smooth?, 5 x 10™"))

where ¢, is the peak initial concentration, and flc2hs() is a
built-in COMSOL smoothing function for transitioning concen-
trations. The term x> + y* — smooth?® defines a circular region
cantered at the origin (top-center of the container), with a
radius of smooth. For x* + y* < smooth®, the concentration
approaches c,, and for x> + > > smooth?, the concentration
decreases smoothly to near zero. The concentration variation in
the boundary region was controlled by the smoothing para-
meter 5 x 10~ ", ensuring that the concentration distribution
remained continuous and stable during numerical computa-
tions. All external container boundaries were set to a concen-
tration of zero.

Particle tracing for fluid flow physics. The container’s bot-
tom boundary was defined as a freeze wall to simulate nano-
motor interactions with 4T1 cells. An inlet was placed at the
upper boundary of the support structure, representing the
initial deployment of nanomotors. The release time was set
as range (0, 0.1, 1000), indicating uniform intervals between 0
and 0.1 seconds. The nanomotor velocity was defined as:

[x, y] = [speed-sign,-cos(0), speed-sign,-sin(0)]

This equation represents the nanomotors’ two-dimensional
motion. The upper boundary of the rectangular region represent-
ing the collagen film was assigned a pass-through condition of
0.01%, allowing a small probability of penetration upon contact,
with all other interactions modelled as elastic rebounds.
All remaining boundaries were set as bounce wall conditions.

The total force on each particle, Fio,, Was represented as:

Fiotal = Farag t Fbrownian T Fgravity

Fqrag simulated viscous and inertial resistance from the H,O,
solution and the collagen film, implemented using the drag
force feature. Random ionic Brownian motion (Fprownian) and

gravitational effects (Fgravity) Were defined using the Brownian
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Table 1 Model parameters

Symbol Value Unit Description

Heta 2 x107° Pas Dynamic viscosity of H,O,

Feta 6 x 102 Pa s Dynamic viscosity of collagen film
D, 1050 kg m™®  Density of particle

Dy, 10 mg em ™ Density of collagen film

M 6.87 x 10" Kg Particle weight

14 5x 107° ms™* Particle speed

force and gravity force features, respectively. Relevant para-
meters are summarized in Table 1.

Mesh setting. A customized mapped mesh was used to
create structured rectangular elements, with maximum and
minimum element sizes set to 0.05 mm and 7.5 x 10~ % mm,
a maximum element growth rate of 1.2, a curvature factor of
0.3, and a narrow region resolution of 1. Additional free
triangular mesh was applied as an auxiliary support for regions
that could not be covered by the mapped mesh. The complete
mesh consisted of 40 150 domain elements and 1254 boundary
elements.

The simulation outcomes were visualized through trajectory
distribution graphs and penetration-time curves, offering
insights into the dynamic interaction between ZIF-90 and the
collagen membrane under varying experimental conditions.

Nanomotor penetration study using the spheroid model.
Matrigel stored at —20 °C was thawed by placing it on ice and
transferring it to a 4 °C refrigerator for 24 hours. Once thawed,
the Matrigel was mixed with 4T1 cell culture medium ata 10:1
ratio. A volume of 50 pL of the resulting mixture was dispensed
into the bottom of each well of a 24-well plate. The plate was
inverted and incubated at 37 °C for 1 hour to allow the Matrigel
to solidify. After solidification, 1 mL of 1640 medium was
carefully added to each well, and the plate was incubated at
37 °C for 48 hours to promote spheroid formation. Following
the incubation, the medium was replaced with fresh culture
medium with 10 mM H,0,, and nanomotors were introduced.
The cells were co-cultured with the nanomotors for 24 hours.
After the 24-hour co-culture period, cell viability was assessed
using the MTT assay to evaluate the penetration efficiency
and therapeutic impact of the nanomotors within the
spheroid model.

Cell viability assessment using the MTT assay. Before the
viability assay, the culture medium was aspirated. The cells
were gently washed with PBS to remove any residual com-
pounds that could interfere with the assay. A freshly prepared
MTT solution (0.5 mg mL™" in 1640 medium) was then added
to each well (100 pL per well). The plate was incubated at 37 °C
in the dark for 2 to 4 hours to allow for the formation of
formazan crystals. Following incubation, the MTT-containing
medium was carefully aspirated, and 1 mL of DMSO was added
to each well to dissolve the formazan crystals. The absorbance
of the resulting solution was measured at 570 nm using a plate
reader, providing a quantitative assessment of cell viability.

Cell staining. Calcein and violet dead cell stain were used to
stain 4T1 cells embedded in Matrigel. Both dyes were diluted
1:1000 in 1640 culture medium without FBS or P/S. The medium

8900 | J Mater. Chem. B, 2025, 13, 8897-8907
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in the 24-well plates was replaced with the dye-containing
medium, and the samples were incubated at 37 °C for 12 hours.
After incubation, the medium was carefully removed, and the
Matrigel surface was gently washed with PBS to remove excess
dye. The stained 4T1 cells were then imaged using a confocal
microscope for analysis.

Characterization. Powder X-ray diffraction (XRD) patterns
were measured on an Empyrean (PANalytial) Bragg-Brentano
geometry-ray diffractometer equipped with Cu Ko radiation
(2. =1.54178 A). Fourier transform infrared (FT-IR) spectroscopy
was performed on a Bruker ALPHA-P FTIR spectrometer
(diamond ATR). Field-emission scanning electron microscopy
(FE-SEM) was carried out with a FEI Nova NanoSEM 450
scanning electron microscope at an acceleration voltage of
5 kV and a spot size of 3.0. Transmission electron microscopy
(TEM) images were acquired on a FEI Tecnai G2 T20 transmis-
sion electron microscope. Fluorescence intensity and UV-Vis
absorbance measurements were carried out on a BMG Labtech
Clariostar plate reader in a 96-well setting. Fluorescence
microscopy was performed on an inverted optical microscope
(Olympus IX53) equipped with an oil immersion 60x objective,
a CMOS camera (optiMOS) and a mercury burner (Olympus
U-RFL-T). The captured images were processed by FIJI (Image])
software. pH was measured on a SevenCompact™ pH/Ion
meter with an InLab Micro pH electrode. Dynamic light scatter-
ing (DLS) was performed on a Zetasizer Nano ZS (PANalytical),
with a refractive index of 1.336 set for the liposome samples.

Results and discussion

Synthesis and characterization of the catalase-
collagenase@ZIF-90 (CAT-COL@ZIF-90) nanomotor

A one-pot method is employed to encapsulate catalase (CAT)
and anti-cancer drug doxorubicin (DOX) within ZIF-90 nano-
particles (see Methods section)®® followed by surface functio-
nalization of the collagenase (COL) enzyme through reductive
amination. The amino groups of collagenase were first reacted
with aldehyde groups on the ZIF-90 surface to form reversible
Schiff base linkages. The reaction mixture was then treated with
sodium cyanoborohydride to reduce the Schiff bases, thereby
stabilizing the linkages as secondary amine bonds. Scanning
electron microscopy (SEM) and transmission electron micro-
scopy (TEM) analysis of the synthesized nanoparticles revealed
that the synthesized ZIF-90 nanoparticles exhibit a well-defined
crystal morphology, with particle sizes ranging from approxi-
mately 300 to 800 nm, consistent with previous reports®”
(Fig. 2). Upon enzyme loading, the surface of the ZIF-90
nanoparticles became rough, nevertheless, they still retained
the original rhombic dodecahedral morphology (Fig. S2, ESIT).
Powder X-ray diffraction (PXRD) analysis was conducted on
various ZIF-90 nanoparticles (Fig. 2¢), with each sample exhi-
biting diffraction patterns consistent with standard ZIF-90 XRD
data. This further verified that the structural integrity of ZIF-90
remained intact after the incorporation of catalase and collage-
nase. To confirm the successful encapsulation of catalase and

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Characterization of nanomotors. (a) SEM and (b) TEM images of CAT-COL@ZIF-90. (c) PXRD spectra of ZIF-90, CAT-COL@ZIF-90 and
CAT-COL@ZIF-90-DOX. (d) and (e) CLSM images of CAT-COL@ZIF-90 (green = FITC-catalase and blue = atto633-collagenase). (f) Zeta potential of

ZIF-90, CAT@ZIF-90, COL@ZIF-90 and CAT-COL@ZIF-90.

surface functionalization of collagenase on ZIF-90, catalase and
collagenase were fluorescently labelled with FITC and atto-633,
respectively, prior to integration with ZIF-90. Confocal laser
scanning microscopy (CLSM) images revealed green fluores-
cence from catalase (Fig. 2d) and blue fluorescence from
collagenase (Fig. 2e). Overlaying the two images revealed co-
localized fluorescence signals, which matched the positions
observed in the bright-field CLSM images of the nanomotors,
confirming the successful loading of both enzymes onto the
ZIF-90 nanoparticles (Fig. S3, ESIT). Furthermore, FTIR analysis
was conducted to confirm the encapsulation of catalase within
ZIF-90. The FTIR spectra (Fig. S4, ESIt) revealed the appearance
of a new characteristic peak at 1580 nm in catalase-loaded
ZIF-90, which corresponds to the N-H bending and C-N
stretching (amide II) in catalase. This result provides strong
evidence for the successful incorporation of catalase into the
ZIF-90 framework. In addition, the surface zeta potential of the
ZIF-90 nanomotors was measured at different synthesizing
stages (Fig. 2f). Pure ZIF-90 nanoparticles exhibited a pos-
itive surface charge, which decreased to close to neutral after
encapsulating the negatively charged CAT. The surface
potential was further reduced after the attachment of negatively
charged COL. The loading efficiency of CAT and COL was
calculated to be 74% and 53.8% (Fig. S5, ESIT), respectively,
using calibration curves obtained from a fluorescence spectro-
photometer.”®

The subsequent step involves assessing the motility of the
nanomotors. The nanomotor utilizes hydrogen peroxide from
the surrounding environment as a chemical fuel, with the
encapsulated catalase within ZIF-90 catalyzing the decomposition
of hydrogen peroxide, thereby generating oxygen nanobubbles.*

This journal is © The Royal Society of Chemistry 2025

These bubbles, as they escape from the interior of the ZIF-90
nanoparticles, produce a propulsive force that enhances the
Brownian motion of the nanomotor, enabling it to achieve
greater displacement.®® Catalase-loaded ZIF-90 was introduced
into hydrogen peroxide solutions with varying concentrations.
The optical dissolved oxygen meter was used to monitor the
oxygen concentration in the solution in real time, and the data
were recorded and organized using a computer. The results
demonstrated that as the concentration of hydrogen peroxide
increased, the rate of oxygen generation also escalated (Fig. 3a).
We mixed ZIF-90 particles and catalase-loaded ZIF-90 particles
with both water and hydrogen peroxide solutions, respectively.
The experimental results showed that only the catalase-loaded
ZIF-90 particles caused an increase in oxygen concentration
when mixed with hydrogen peroxide (Fig. S6, ESIt), indicating
that the catalase encapsulated within the nanomotors retained
its catalytic activity. Hydrogen peroxide solutions of varying
concentrations (0 mM, 50 mM, 100 mM, and 200 mM) were
introduced into grooved glass slides (Fig. S7, ESIT), followed by
the addition of a small quantity of fluorescently labeled nano-
motors. The movement trajectories of the nanomotors were
observed and recorded using fluorescence microscopy. Images
were captured at 100-millisecond intervals, with a total of
30 images taken. Subsequently, the coordinates of the nanomo-
tor were recorded using Image] software to map the trajectory.
It was observed that as the concentration of hydrogen per-
oxide increased, the activity of the nanomotor was significantly
enhanced. (Fig. 3b; for motion tracking of benchmarking sam-
ples, see Fig. S8-S11, ESIt). By dividing the displacement by the
time, the speed of the nanomotor was determined, and the
average speed was calculated from ten individual nanomotors at

J. Mater. Chem. B, 2025, 13, 8897-8907 | 8901
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Fig. 3 Motion analysis. (a) Dissolved oxygen vs. time as a result of the catalase decomposition of H,O,. (b) Movement trajectories of nanomotors at
different H,O, concentrations. (c) Average speed and (d) mean squared displacement of nanomotors at different H,O, concentrations. (e) DOX release
rate under different conditions. (f) Cell survival rates after treatment with different ZIF-90 compositions after 24 hours.

each concentration, resulting in a plot of nanomotor speed as a
function of hydrogen peroxide concentration (Fig. 3c). These
results demonstrate a positive linear relationship between the
nanomotor’s speed and increasing hydrogen peroxide concen-
tration. Additionally, a mean squared displacement (MSD)
analysis was performed, which demonstrated that the diffu-
sion capability of the nanomotor increases as the hydrogen
peroxide concentration increases (Fig. 3d). To further investi-
gate the effect of hydrogen peroxide solution on the motion of
different nanomotors, we mixed ZIF-90, CAT@ZIF-90, COL@
ZIF-90, and CAT-COL@ZIF-90 with a 200 mM hydrogen per-
oxide solution and performed motion tracking. The experi-
mental results showed that nanomotors containing catalase
exhibited significantly higher motion speeds compared to
those without catalase in the hydrogen peroxide solution
(Fig. S12, ESIt). These findings illustrate that the nanomotor
is capable of transducing chemical energy from its ambient
environment into kinetic energy. This process not only aug-
ments its motility but also improves its diffusion efficacy within
the surrounding medium.

Given the role of the nanomotor in drug delivery, evaluating
its drug release capability is crucial. ZIF-90 exhibits dual
responsiveness to pH and adenosine triphosphate (ATP),>®
undergoing structural disintegration in acidic environments
or in the presence of ATP, thereby facilitating the release
of encapsulated drugs. The release kinetics of DOX from the
nanomotor were examined under four distinct conditions
(Fig. 3e). In a mild acidic environment with ATP, drug release
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was maximized, achieving complete release within 30 hours.
Conversely, in a neutral solution, the release rate was minimal,
with only approximately 20% of the drug released over 30 hours.
To further validate this result at the cellular level, the nanomo-
tors were co-cultured with tumor cells and subsequently
observed under a microscope. Catalase (green) and collagenase
(blue) were pre-labeled with fluorescent dyes to enable visuali-
zation of their spatial distribution around the cells. As shown in
Fig. S13 (ESIt), the clear separation of green and blue fluores-
cence signals confirms the disassembly of the nanomotors,
thereby facilitating the release of the encapsulated therapeutic
agents.

To evaluate the cytotoxic potential of DOX-loaded ZIF-90 on
tumor cells and to assess the inherent toxicity of ZIF-90 itself,
we co-cultured varying formulations of ZIF-90 particles with
4T1 cells, subsequently measuring cell viability after a 24-hour
incubation period. Given the more acidic nature of the tumor
microenvironment and the presence of elevated ATP due to
cellular activity,®"** ZIF-90 is expected to disassemble upon
uptake by cells, thereby facilitating targeted drug release.
An MTT assay was used to assess the viability of 4T1 cells. The
experimental data revealed a high viability of approximately 90%
in cells co-cultured with DOX-free ZIF-90, indicating minimal
inherent cytotoxicity. However, following DOX encapsulation
within ZIF-90, cell viability significantly decreased to below
50% (Fig. 3f), demonstrating that ZIF-90 effectively released its
DOX payload, resulting in cell death. These findings substantiate
the nanomotor’s capacity to transport therapeutic agents and to

This journal is © The Royal Society of Chemistry 2025
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release them in response to tumor cell-specific conditions,
achieving targeted cytotoxicity.

After establishing the nanomotor’s motility and its capability
to induce tumor cell death, the next step is to evaluate its ability
to penetrate the extracellular matrix. To validate the enzymatic
activity of collagenase conjugated to the nanomotors, a gelatin
degradation assay was employed using FITC as a fluorescence
probe. Due to aggregation-induced quenching, the fluorescence
of FITC was substantially suppressed upon binding with gelatin.
Upon enzymatic degradation of gelatin by collagenase, FITC is
released, resulting in fluorescence recovery. When the FITC-
quenched gelatin was incubated with varying concentrations of
nanomotors, a concentration-dependent increase in fluores-
cence intensity was observed. These results confirm that the
collagenase immobilized on the surface of the ZIF-90 nanomo-
tors retained its catalytic activity and effectively degraded the
gelatin matrix (Fig. S14, ESIt). Nanomotors were collected
following co-incubation with gelatin, during which they had
degraded the gelatin matrix. These nanomotors were then
centrifuged and dried for XRD analysis. The XRD results

H202
solution

Nanomotor

Collagen
film

4T1 cells

View Article Online
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showed no significant structural changes, indicating that the
nanomotors maintained their structural integrity during the
penetration process (Fig. S15, ESIt). Given that type I collagen
is the primary component of the extracellular matrix,*® a
collagen membrane was established. From the SEM images of
the as synthesized collagen membrane (Fig. 4b and Fig. S16,
ESIY), it is evident that the fabricated collagen film is intact and
densely structured, with a smooth surface. Cross-sectional SEM
imaging indicates that the thickness of the dry film is approxi-
mately 1.5 pm. The Transwell coated with the collagen film was
placed in a 24-well plate, and an aqueous solution containing
DOX-loaded ZIF-90 nanomotors and H,O, was introduced into
the upper chamber of the Transwell. Concurrently, 4T1 cells
were cultured at the bottom of the 24-well plate (Fig. 4a and
Fig. S17, ESIt). After 24 hours, the collagen film was retrieved,
rinsed, and dried for SEM observation. On the top surface of
the film, where the nanomotors were applied, the surface
exhibited significant roughening with visible macropores,
many of which contained nanomotor particles residing within
them (Fig. 4ci). This change in surface morphology is likely
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Fig. 4 (a) Schematic illustration of the customized setup designed to evaluate the penetration of collagen membranes by nanomotors. (b) SEM images
of the as-synthesized collagen films (i, top view; ii, cross-sectional view). (c) SEM images of collagen films after the addition of nanomotors (i, top surface;
ii, bottom surface). (d) FEM simulations of the nanomotor penetration process through the collagen film, including (i) screenshot of the numerical model
setup and (i) the simulated relationship between penetration rate and time of collagen films at various thicknesses. (e) The correlation between collagen
film thickness (um) and the penetration efficiency of nanomotors. (f) Survival rate of 4T1 cells after treatment with different ZIF-90 particles.
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attributed to the enzymatic degradation of the collagen by
collagenase present on the nanomotor surfaces. Additionally,
numerous nanomotors remained embedded in the surface,
indicating particles that initiated penetration but did not fully
traverse the film. When the collagen film was inverted, multiple
macropores were observed on the underside, providing further
evidence of successful penetration by the nanomotors (Fig. 4cii).
As a control, collagen films treated with an aqueous solution
containing H,0, without nanomotors, or with ZIF-90-DOX or
CAT@ZIF-90-DOX, exhibited no noticeable damage (Fig. S18,
ESIY), further verifying that the enhanced penetration is attrib-
uted to the active motion and enzymatic degradation facilitated
by the nanomotors.

An in silico investigation based on the finite element method
(FEM) was conducted to examine how collagenase-functionalized
nanomotors penetrate collagen films, with a particular focus on
how film thickness influences penetration efficiency (Fig. S19,
ESIt).** To investigate the relationship between collagen film
thickness and the penetration capability of nanomotors, we first
established model parameters using experimental data on nano-
motor penetration through a 1 pm collagen film (Fig. 4d). The
simulation yielded a penetration rate of approximately 10%,
consistent with the experimental results. Subsequently, the
collagen film thickness was varied in the simulations. For a
2 um film, the penetration rate was approximately 4%, while
for a 4 um film, it decreased to around 2% (Fig. S20, ESIY).
To experimentally validate these findings, the residual culture
medium was collected, and the nanomotors were dissolved
using EDTA. The DOX fluorescence intensity was then mea-
sured to quantify the percentage of nanomotors that had
successfully penetrated through the collagen membrane. The
experimental data aligned closely with the simulation results,
demonstrating that approximately 8% of the nanomotors suc-
cessfully entered the culture medium. However, when the
thickness of the collagen film was increased threefold, the
penetration efficiency dropped significantly, with only 2% of
the nanomotors successfully traversing the film (Fig. 4e). Since
the concentration of hydrogen peroxide in tumor tissues is
approximately 10-100 pM, we conducted a comparative experi-
ment using a 2 um-thickness collagen membrane model with
water and 100 uM H,0, solution. The results showed that the
nanomotor exhibited a penetration efficiency of approximately
4.8% in the H,0, solution, which was significantly higher than
the 2.8% observed in water (Fig. S21, ESIt). This confirms
that even low concentrations of hydrogen peroxide, as found
in tumor tissues, can enhance the ability of nanomotors to
penetrate the ECM.

Next, an MTT assay was conducted to evaluate cell viability,
assessing the effectiveness of DOX-loaded nanomotors in indu-
cing cell death after penetrating the collagen membrane (Fig. 4d).
The results indicated that the introduction of DOX-loaded pure
ZIF-90 particles (ZIF-90-DOX) led to a minor reduction in 4T1 cell
viability, with approximately 80% of cells remaining viable.
This minimal effect is likely due to the limited release of
DOX, as the pristine ZIF-90 particles are unable to effecti-
vely penetrate the collagen membrane. The introduction
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of collagenase-functionalized ZIF-90-DOX (COL®@ZIF-90-DOX)
markedly reduced cell viability to approximately 38%. This
pronounced effect highlights the role of enzymatic degradation
of the collagen membrane by collagenase, which enhances the
ability of nanomotors to deliver DOX effectively to the target
cells. In contrast, when catalase was incorporated into the
system (CAT-COL@ZIF-90-DOX), cell viability decreased further
to approximately 28%. This further reduction in cell viability
underscores the importance of active propulsion, facilitated by
catalase, in improving the penetration efficiency through the
ECM barrier.

After verifying the ability of the nanomotors in penetrating
collagen membranes, a three-dimensional (3D) tumor model
was established. To mimic solid tumor tissue, 4T1 cell spher-
oids were established using Matrigel within 24-well plates.
Drug-loaded nanomotors were then added to the culture
medium and incubated for 24 hours (Fig. 5a). After incubation,
the wells were washed to remove unbound particles, and the
Matrigel was dissolved using a collagenase solution. The
fluorescence intensity of DOX in the resulting solution was
measured to quantify drug release, serving as an indirect
indicator of the nanomotors’ penetration efficiency within the
spheroids. These results revealed that only ~4% of DOX was
released from standard ZIF-90 nanoparticles in the Matrigel.
In contrast, a remarkable 75% increase in drug release was
observed with the CAT-COL@ZIF-90-DOX nanomotors, high-
lighting their superior penetration capability within the spher-
oids (Fig. 5b and Fig. S22, ESIt). Subsequently, the cell viability
within the spheroids was assessed by dissolving Matrigel with
collagenase solution followed by the MTT assay (Fig. 5c¢). The
results revealed that the introduction of DOX-loaded ZIF-90
nanoparticles maintained cell viability at 78%, indicating lim-
ited therapeutic efficacy due to insufficient penetration.
In contrast, treatment with CAT-COL@ZIF-90-DOX nanomotors
significantly reduced 4T1 cell viability to 45%, highlighting
their superior penetration capability. This enhanced penetra-
tion is attributed to the nanomotors’ dual functionalities:
biocatalytic degradation of the ECM and self-propulsion, which
together facilitated efficient delivery and release of the encap-
sulated DOX within the spheroids.

To further investigate the drug delivery efficiency, 4T1
spheroids cultured with different nanomotor formulations
were analyzed using CLSM (Fig. 5d and e). Fluorescence stain-
ing was employed to differentiate between live and dead cells,
where live cells exhibited green fluorescence, and dead cells
were marked by blue fluorescence. In the control group treated
with ZIF-90-DOX, the nanoparticles were unable to penetrate
the Matrigel. Bright-field imaging identified cell clusters within
the Matrigel, but fluorescence imaging revealed only green
fluorescence, indicating that the cells remained viable.
No DOX fluorescence was detected, confirming that the drug was
not delivered to the cells (Fig. 5d). In contrast, the experimental
group treated with CAT-COL@ZIF-90-DOX demonstrated signifi-
cant drug delivery and cytotoxic effects. A higher-magnification
view highlighted DOX fluorescence (red) co-localized with the blue
fluorescence of dead cells (Fig. 5e). This co-localization confirms

This journal is © The Royal Society of Chemistry 2025
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Fig. 5

(a) Schematic illustration of the 3D spheroid model used for penetration studies. (b) Penetration rates of different ZIF-90 nanomotors in the 3D

spheroid model. (c) 3D spheroid cell viability after treatment with various ZIF-90 formulations. (d) and (e) CLSM images of 4T1 spheroids treated with
(d) ZIF-90-DOX and (e) CAT-COL@ZIF-90-DOX. Images showing live cell staining (i), dead cell staining (i), DOX fluorescence (iii), and merged overlays of

all signals (iv). v—viii are enlarged views of i—iv from (e).

that the nanomotors effectively penetrated the spheroid, delivered
DOX into the cells, and induced cytotoxicity. Experiments
conducted with blank ZIF-90 and CAT@ZIF-90-DOX showed
that neither was capable of killing 4T1 cells in the spheroids
(Fig. S23-S24, ESIt).

Conclusions

In conclusion, we successfully synthesized dual-enzyme-func-
tionalized nanomotors capable of self-propulsion and biocata-
lytic collagen degradation to enhance their motility within the
ECM. Upon encountering cancer cells, the nanomotors effi-
ciently released the encapsulated drug. In an elevated hydrogen
peroxide environment, the nanomotors exhibited efficient
penetration through a collagen membrane within 24 hours,
resulting in the death of over 70% of 4T1 cells. In a more
physiologically relevant 3D spheroid model, the nanomotors
demonstrated similar efficacy, eliminating over 50% of cancer

This journal is © The Royal Society of Chemistry 2025

cells within the same timeframe. These nanoparticles showed
improved penetration through cancerous tissues, thereby
enhancing the targeted delivery of therapeutic agents to cancer
cells. These findings highlight the potential of enzyme-powered
nanomotors to enhance drug delivery in cancer therapy by
overcoming key biological barriers such as the ECM. Further
research will be valuable in optimizing these nanomotors for
clinical use, particularly by studying their behavior and effec-
tiveness in more complex in vivo environments.
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