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Alzheimer's disease (AD) is the major cause of irreversible dementia in the elderly population worldwide
and one of the major causes of the decrease in the quality of life. Efficient diagnosis and monitoring
would allow a fast treatment to delay the appearance of symptoms. Herein, zeolitic imidazole framework
(ZIF-8)@Au@catalase micromotors are described for motion-based sensing of copper as a marker of AD.
The synthesis design was based on enzyme covalent immobilization instead of encapsulation to maximize
the contact with the sample at the microscale for the potential use of extremely low AD-diagnosed
sample volumes. The micromotors are prepared by asymmetric modification of ZIF-8 with a gold layer for
functionalization of catalase as a compatible biocatalyst. The micromotors can propel at speeds of up to
287 + 41 pm s~ in cerebrospinal fluid (CSF) samples of healthy volunteers. Yet, in the presence of copper,
catalase poisoning results in a decrease in the speed that can be monitored for motion-based sensing
detection, as illustrated in the analysis of CSF samples from AD patients from mild to severe stages (Braak
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Il to Braak VI). The copper-mediated modulation of catalase activity proposed here as an indicator of pro-
gression states in AD disease possesses distinct advantages such as ultrafast analysis (less than 1 min) and
requiring only 1 pL of sample, holding considerable promise as a supporting prescreening tool for fast
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1. Introduction

Metal-organic frameworks (MOFs) are fascinating materials
with unique properties such as a high internal surface area
(up to 6000 m* g™"), porosity and biocompatibility." MOFs can
be classified according to the metal node and organic linker
used into zeolitic imidazole frameworks (ZIFs), materials
Institute Lavoisier and University of Oslo (UiO) families.” The
remarkable properties of MOFs have attracted the attention of
the micromotor community for the development of multifunc-
tional entities with infinite possibilities in the environmental,
biomedical or analytical fields.>”
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diagnosis of AD and other neurodegenerative diseases.

Micromotors are self-propelled particles capable of auto-
nomous movement in solution. This leads to a dynamic, on-
the-move process, with enhanced performance as compared
with the use of their static counterparts.®® The first MOF
micromotor was proposed by Matsui et al.'® using a Cu®* 1,4-
benzenedicarboxylate-triethylenediamine MOFs encapsulating
diphenylalanine peptides. Dissolution of MOFs and release of
the peptide generate an autonomous Marangoni-based propul-
sion.'® Catalytic designs were later explored accounting for the
enhanced fluid mixing and propulsion of such micromotors.
Different catalytic metals such as cobalt in connection with
ZIF-8/ZIF-67 MOFs'! or cobalt and manganese with Zr-based
Ui0-67 bipyridine-type MOFs were used.'” Directional micro-
motor propulsion at speeds of up to 1000 pm s~ (10% H,0,)
was achieved. On-demand braking and acceleration of micro-
motors was illustrated using chelating agents. The introduc-
tion of catalytic layers can also be achieved by asymmetric
sputter deposition of a Pt layer, as illustrated with ZIF-8,
UiO-66, and UiO-66-SH MOFs, reaching a speed of over
1500 um s~ (20% H,0,)."?

Concerns about the toxicity of peroxide fuel in biomedical
applications motivated the development of fuel-free MOF
micromotors driven by electromagnetic fields, but this direc-
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tion is still in early infancy, with few developments to date.'*">
Another interesting alternative towards biofriendly MOFs
micromotors is the use of enzymes as catalytic elements.
Catalase is the preferred choice to mimic the widely used Pt
catalyst at a much lower cost and with efficient catalytic
activity. Thus, mesoporous UiO-Zr MOFs were used for the
encapsulation (via absorption) of such enzymes, achieving
efficient propulsion at levels as low as 0.5% H,0,."® Catalase-
loaded ZIF-L MOFs containing the polymer poly(2-diisopropyl-
amino)ethyl methacrylate exhibit a buoyancy motion
triggered by the polymer for controlled drug delivery, as illus-
trated in MCF-7 cell media."” In another interesting approach,
the pair catalase-glucose oxidase has been encapsulated
into ZIF-8 MOFs. The resulting micromotors were used for
electrochemical monitoring of glucose. The principle behind
the assay relies on the initiation of cascade reactions in the
presence of glucose, generating hydrogen peroxide
substrates for catalase, resulting in propulsion and collision
with the electrode.'® Another example is this direction investi-
gates the introduction of peroxidase nanozymes into MOFs to
enhance the amplification of electrochemiluminescence (ECL)
signals in immunoassays, thereby optimizing the ultrasensitive
detection of disease markers for clinical diagnostics."® Also,
metal azole framework 6 can be used to immobilize esterases
to improve yield in transesterification reactions.*
Another study investigated how the crystallization of MOFs
affects the mobility and performance of encapsulated enzymes
to optimize the design of robust platforms for biotechnological
and catalytic applications.>® Such early reports indicate the
potential of biocatalytic propelled MOFs micromotors for
analytical sensing of clinical analytes, which yet remains
unexplored.

Inspired by the promising potential of MOFs micromotors
for analytical sensing and the biocompatibility features of
binomial enzymes-MOFs, herein we describe the synthesis
and application of ZIF-8/Au/catalase micromotors for motion-
based sensing of copper as a modulation marker of AD. AD is
the main cause of dementia of the elderly population world-
wide. Early diagnosis for prompt treatment can increase the
quality of life, greatly delaying the progression of degenerative
symptoms. The diagnosis of AD combines a clinical and
biological approach, supported by the detection of specific bio-
markers to monitor the state of the disease. The target bio-
markers are divided into 3 main categories, A (amyloid), T
(phosphorylated tau), and N (neurodegeneration, measured by
total tau).>” In this context, the disease is characterized by the
formation of extracellular amyloid plaques (mainly 39-43
amyloid-p peptides), with an altered concentration of
metal ions, mainly copper and zinc.”® There is a controversy in
the literature about the role of the levels of such metals in the
generation of amyloid plaques. Yet, it is well known that in
severe AD states, elevated copper concentrations can be found
in the brain, and subsequently in the CSF.>*>¢ As such, a fast
and supporting tool to add to the battery of tests for AD diag-
nosis is the monitoring of the levels of Cu, as a new additional
manner to classify the state of the disease.
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Herein, we used a ZIF-8@Au@catalase strategy for motion-
based sensing of copper in CSF samples from AD patients.
Previous literature works have carried out quantitative studies
of copper in neurodegenerative patients, using serum as a
sample due to its less invasive nature.””*® Usually these
studies have been done in serum samples due to the accessi-
bility and ease of extraction rather than CSF samples which
require a more invasive extraction. Our work has the unique
advantage of having a sample from a healthy volunteer, this
fact allows us to have a control to compare the results with
respect to a normal value. In the following sections, we first
describe  the  synthesis and  characterization  of
ZIF-8 micromotors. The asymmetric modification of the ZIF-8
unit with an Au layer and subsequent covalent functionali-
zation with catalase result in biocompatible and efficient
micromotors that can navigate in just 1 pL of CSF. Poisoning
of the catalase later with the Cu metal results in a decrease in
the concentration-dependent speed that can be used to
monitor and classify the samples. We then also illustrate the
feasibility of the approach as illustrated in the screened ana-
lysis of samples at different stages (Braak III to Braak VI).

2. Materials and methods

2.1. Reagents and materials

Copper (cat. 38996), sodium hydroxide (cat. 106498), methanol
(cat. 34860), 1-methylimidazole (cat. M50834), 2-methyl-
imidazole (cat. M50850), zinc nitrate hexahydrate (cat. 96482),
catalase from Aspergillus niger (cat. C3515), 11-mercaptounde-
canoid acid (cat. 450561), 6-mercapto-1-hexanol (cat. 451088),
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydro-
chloride (EDC) (cat. 800907), N-hydroxysuccinimide (NHS) (cat.
130672), N,N-dimethylformamide (cat. 543897), Triton X-100
solution (cat. 93443) and sodium dodecyl sulfate (SDS, cat.
822050) were purchased from Merck, Spain. Phosphate buffer
saline (cat. 28372), 4-mercaptobenzoic acid (cat. 373300050),
MES bulffered saline (cat. 28390), and hydrogen peroxide 30%
solution (cat. 10687022) were purchased from Thermo Fisher
Scientific, Spain. Ethanol (cat. ET0002005P) was purchased
from Scharlau, Spain. All reagents were used without further
purification. Milli Q water was obtained using a Millipak
Express filter (cat. MPGP04001) and a vent filter (cat.
TANKMPKO1) which were purchased from Merck Millipore.

2.2. Equipment

An ultrasonic bath (Elmasonic S 30 H) was used to detach
ZIF-8 from the gold sputtered glass slide. A 3D printer Original
Prusa i3 MK3S+ was used to print the gold-sputtered glass
slide support to detach the gold sputtered ZIF-8. An Eppendorf
centrifuge 5430 attached with an FA-45-30-11 rotor was used to
wash the ZIF-8 and micromotors. An inverted Nikon Eclipse
Instrument Inc. Ti-S/L100 optical microscope, coupled with a
Zyla sCMOS camera, was used to capture images and record
videos. The speed of the micromotors was recorded and
measured using NIS-5.41 elements software. X-ray diffraction

This journal is © The Royal Society of Chemistry 2024
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(XRD) analysis was performed in the “X-ray center” of the
University Complutense de Madrid. Scanning electron
microscopy characterization of the micromotors was per-
formed using a JSM 6335F (JEOL) coupled to an energy-ray dis-
persive (EDX) system (Xflash Detector 4010, Bruker).
Transmission electron (TEM) microscopy characterization was
performed with a Zeiss EM10C microscope. (3-[4,5-
Dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) (MTT)
assays were performed in the Cell Culture Centre of the
Universidad de Alcala. The results were obtained from 3 repli-
cates of HeLa cell incubation under different conditions.

2.3. ZIF-8 micromotors synthesis

ZIF-8 MOFs were synthesized using a procedure adapted from
the literature.”® To this end, a 50 mM solution of Zn
(NO3),-6H,0 in methanol was mixed with 200 mM solutions of
1-methylimidazole and 2-methylimidazole. The mixture was
then covered and incubated overnight at room temperature. A
white precipitate was then obtained, which was separated from
the solution by centrifugation, followed by resuspension and
cleaning with methanol. The resulting solution was filtered
and collected in a 0.2 pm membrane as dried powder under
vacuum conditions.

For micromotor synthesis, a ZIF-8 solution (1 mg mL™") in
dimethylformamide was drop-cast on a modified glass slide.
For modification, the slide was sputtered with an ~1000 A gold
layer, followed by incubation with a 0.1 mM 4-mercaptoben-
zoic acid solution in ethanol overnight. Next, the slide was
washed with ethanol and incubated with a 0.1% (w/w) sodium
hydroxide solution for 20 min. The slide was washed 3 times
with water and dried prior to drop-casting of the ZIF-8 solu-
tion. After the formation of the ZIF-8 monolayer in the glass
slide, this was dried in a heater at 60 °C. Later, it was sputtered
with an ~1500 A gold layer for ZIF-8 modification. The glass
slide was next inserted into a homemade designed 3D printed
stand filled with MeOH to release the micromotors (Fig. S17).

For functionalization, the solution containing the
ZIF-8@Au particles was cleaned by centrifugation at 4000g for
4 min to eliminate the supernatant with small particles of gold
that had been detached too. Next, the ZIF-8@Au particles were
resuspended in an ethanolic solution containing 7.5 mM
6-mercapto-1-hexanol and 2.5 mM 11-mercaptoundecanoid
acid and incubated overnight. The supernatant was then
removed by centrifugation and the particles were washed with
ethanol. After removing the ethanol, the ZIF-8@Au MOFs were
resuspended and incubated in 200 pL of an MES solution
(25 mM, pH 6.5) containing 0.4 M EDC, 0.1 M NHS and cata-
lase (7000 U) for 6 h at 37 °C. The ZIF-8@Au@catalase micro-
motors were collected by centrifugation, shaken in 0.01 M PBS
(pH 7.2) to wash them twice, and finally centrifuged and resus-
pended in water.

2.4. Micromotor counting

A concentration of 500 000 micromotors per mL was used for
each experiment. To get this ratio, 1 pL of the sample was
photographed at 4x objective and then four more times at 20x

This journal is © The Royal Society of Chemistry 2024
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objective at different locations within the drop. To determine
the average number of micromotors per area and, therefore,
per pL, the area of the 1 pL drop (4x objective) was measured
and the number of MMs per each 20x image (with a known
area) was counted. This method was applied four times per
batch of micromotors. Finally, they were resuspended in a
volume determined to obtain the required concentration and
were ready for the next experiments. In all experiments, mono-
dispersion of the micromotors was assured prior counting (see
the image in Fig. S27).

2.5. Sample collection

The Institutional Ethical Review Board of the Spanish
Research Center for Neurological Diseases Foundation (CIEN),
the Instituto de Salud Carlos III, and the University of Alcala
de Henares approved this study on marker analyses of AD
(CEID2021/4/108).

Subjects’ consent was obtained following the Declaration of
Helsinki and the approval of the Research Ethics Committee
of the institutions involved. Subjects were selected based on
the post-mortem diagnosis of AD according to neurofibrillary
tangle pathology and AP plaques.*® The absence of neuro-
pathological change was reported in the control healthy par-
ticipant (CSF0274) obtained from the 12 de Octubre University
Hospital (Madrid, Spain) with the approval of its Research
Ethic Committee (CEIm2018/459). AD biological samples at
Braak stages III (BCPA167), IV (BCPA067) (intermediate AD), V
(BCPA897) and VI (BCPA799) (advanced AD) were obtained
from the CIEN Foundation’s Tissue Bank (BT-CIEN) according
to the brain bank’s protocols. CSF samples were collected and
processed according to standardized procedures by lumbar
puncture in 15 mL sterile polypropylene tubes. The samples
were then centrifuged at 3000 rpm at 4 °C for 10 min.
Supernatant aliquots were stored at —80 °C into 0.5 mL poly-
propylene cryogenic tubes with protease inhibitor cocktails
(Roche, Basel, Switzerland). All participants gave written
informed consent for participation. The project was approved
by the 12 de Octubre University Hospital (Madrid, Spain)
Ethical Review Committee (CEIm2018/459).

3. Results and discussion

A schematic of the strategy used for copper detection is shown
in Fig. 1A. ZIF-8 MOFs half-coated with gold were used as bio-
compatible templates. The micromotors possess a hexagonal
morphology (see Fig. 1B) with unique features to generate
directional and efficient propulsion. Thus, as illustrated in the
time-lapse images of Fig. 1C, in the presence of hydrogen per-
oxide as a fuel, decomposition by catalase generates oxygen
bubbles for highly efficient propulsion in the samples. Yet, in
the presence of copper, strong inhibition of the catalase
activity is observed.

Catalase is a naturally occurring enzyme in aerobic organ-
isms to regulate oxidative stress by hydrogen peroxide
decomposition. Its structure is composed of four sub-units

Nanoscale, 2024, 16, 20917-20924 | 20919
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Fig. 1 (A) Schematic of ZIF-8 composition and catalytic movement of
the ZIF-8@Au@catalase micromotors through CSF. (B) SEM images
showing the morphologies of ZIF-8 (a) and the ZIF-8@Au@catalase
micromotors (b). Scale bars, 1 pm. (C) Time-lapse microscopy images
(taken from Video S1}) of the ZIF-8@Au@catalase micromotors after O s
(a) and 2 s (b) navigation in water. Conditions: 1% Triton X-100 and 10%
H,0; as the fuel. Scale bars, 10 pm.

with ~500 amino acids and a heme active site.*’ Certain
metals can inhibit enzyme activity by blocking such active
sites. Some studies indicate that copper is the strongest inhibi-
tor of catalase activity, followed by mercury, iron, chromium
and cadmium.?” Wang et al. illustrated the inhibition of cata-
lase-propelled micromotors by mercury, sodium azide, amino-
triazole, and copper.>® The mechanism for inhibition can be
explained by interactions with a His 74 residue close to the
heme group unit, which hinders hydrogen peroxide accessibil-
ity, thus inducing enzyme inhibition.>* While the feasibility of
tubular micromotors modified with an inner catalase layer for
copper detection has been illustrated in water samples at rele-
vant environmental levels (according to ECs,), our goal here is
to apply the concept for detection in clinically diagnosed
samples such as CSF. Also, copper levels in AD disease
samples can be much higher than those tested in the previous
work.>® Thus, and considering the distinctive MOFs features,
we opted for a micromotor design in which catalase is present
at the outer micromotor layer, using MOFs as a template to
increase the surface area, and thus the amount of the immobi-
lized enzyme for efficient work at the microscale in ultra-low
sample volumes with diagnosis purposes.

The ZIF-8 (for details on the MOFs synthesis, please see the
Experimental section) micromotor functionalization is
depicted in Fig. 2, along with further characterization studies.

To generate the asymmetric gold layer for catalase immobil-
ization and directional propulsion, it is essential to generate a
ZIF-8 monolayer on the glass slide used as a solid support.
This demands its functionalization to deprotonate the car-
boxylic groups,'® as described in the Experimental section (Au
functionalization, steps 1 and 2 in Fig. 2A). Next, a solution
containing 1 mg mL™" of ZIF-8 MOFs in dimethylformamide
was dropped in the functionalized glass slide. After drying the
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Fig. 2 (A) Schematic of the functionalization of ZIF-8 with gold and
catalase. (1 and 2) Glass slide functionalization; (3) ZIF-8 solution drop-
casting and monolayer formation; (4) asymmetric modification of ZIF-8
with a gold layer; (5 and 6) immersion in methanol and micromotor
release by ultrasonication; (7) functionalization of the gold layer with
thiols; and (8) catalase immobilization by EDC/NHS. (B) SEM (a), gold
EDX (b), and TEM (c) images showing the morphology and elemental
distribution of the ZIF-8@Au@catalase micromotors. Scale bars, 1 pm.
(C) X-ray diffraction (XRD) patterns of Zn(NOs),, 1-methylimidazole,
2-methylimidazole, and ZIF-8 and the theoretical XRD spectrum of
ZIF-8. (D) MTT assays obtained from 24 hour incubation of Hela cells
with the ZIF-8@Au@catalase micromotors: (1) control, (2) 600 000, (3)
300000, and (4) 60000 ZIF-8@Au@catalase micromotors. Error bars
represent the standard deviation of 3 measurements.

slide at 60 °C, an asymmetric gold layer (~1500 A) for catalase
immobilization was generated by sputter deposition. Next, for
micromotor release, the slide was introduced in a homemade
designed 3D-printed stand filled with ~8 mL MeOH (for the
design and magnification, see Fig. S1}) and sonicated in an
ultrasonic bath for no more than 1 minute (more time could
detach the gold layer of ZIF-8). Please note here the impor-
tance of the 3D printed stand, thanks to this homemade
design, we can use the minimum volume of MeOH to release
the micromotors, avoiding the use of any glass that needs to
fill with large volumes to immerse the glass slide; with this
design, we can adapt the shape to need the minimum volume.
After release and cleaning by centrifugation, the MOFs were
modified with catalase by immobilization via EDC/NHS chem-
istry. For more details, see the Experimental section.
Morphological and element analyses of the

This journal is © The Royal Society of Chemistry 2024
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ZIF-8@Au@catalase micromotors were next conducted. The
SEM and corresponding EDX images, as well as the TEM
images in Fig. 2B show the octahedral morphology of the
micromotors and the presence of an asymmetric Au layer. The
average micromotor size is approximately 4 um in length.
Additional XRD observation (Fig. 2C) reveals the characteristics
peaks of ZIF-8, with the characteristic diffraction peaks at 26 =
8%, 10°, 13°, 15°, 16°, 18°, 22°, 25°, 27° and 30°, which corres-
pond to the (011), (002), (112), (022), (013), (222), (114), (233),
(134) and (044) planes respectively.***> A good correlation was
observed with the literature values, indicating the successful
generation of ZIF-8@Au@catalase micromotors. To check the
biocompatibility of our micromotors, MTT assays (see the
Experimental section for more details) were performed, illus-
trating the almost 100% viability rates in all cases (see
Fig. 2D). These data reveal the suitability of the micromotors
for their application in biological and clinical samples.

After assuring the successful micromotor synthesis by mor-
phological and elemental characterization, we studied the pro-
pulsion performance. To this end, we evaluated first the effect
of different surfactants on oxygen bubble nucleation and
enzyme stability. To this end, we dropped on a glass slide 1 uL
of ZIF-8@Au@catalase micromotor solutions, 1 pL of SDS or
Triton X-100 as a surfactant (to a final concentration of 1%)
and 1 pL of H,0, solution (to a final concentration of 3.3%).
No movement is observed using SDS as a surfactant, probably
due to denaturation or conformational changes in the enzyme
catalase that prevents peroxide substrate’s fuel decompo-
sition.?® Efficient propulsion is observed using Triton X-100 as
a surfactant, with speeds ranging from 72 + 9 ym s~ (3.3%
H,0,) to 368 + 130 pm s~ ' (10% H,0,). To maximize the linear
dynamic range for calibration, 10% H,O, concentration was
selected as the fuel. Under such conditions, flow dynamics
simulations were performed with the CFD tool embedded in
the Solidworks software. Video S2t used for simulations and
the results are listed in Fig. 3. To this end, the
ZIF-8@Au@catalase micromotors were modelled and the rele-
vant flow dynamics parameters were obtained by applying the
standard Launder and Spalding K-epsilon model. The corres-
ponding boundary and initial conditions were applied,
namely a linear velocity of 237.08 pm s™" in the x-axis and an
angular frequency (w) of 0.35 Hz around the y-axis were con-
sidered according to the experimental observations in the
steady state. Mean fluid velocity cut plots and flow lines were
generated as an output and reported. As can be seen, the
flow velocities in the Z and X sections were the highest, indi-
cating good fuel accessibility, as also corroborated with the
simulations of Y-X axis sections (please see also Video S27).
The flow-like propulsion associated with the catalytic mecha-
nisms is reflected in the simulated trajectories of Fig. 3D and
E, with a turbulent but directional flow.?” These results show
why the flow generated by ZIF-8@Au@catalase allows excellent
mixing in the drop, providing the encounter between catalase
and free Cu, which can be translated into efficient measure-
ment in small volumes of a sample as difficult to obtain as
this one.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (A) the

Time-lapse
ZIF-8@Au@catalase micromotor (taken from Video S2t) and (B) corres-
ponding schematic of the flow dynamics simulations of the Z- and
X-axis sections. (C) Y- and X-axis sections. (D) Bottom view and (E) back
view trajectories. Conditions: 250 g L™* of Cu, 1% Triton X-100 and 10%
H,O; as the fuel. Scale bar, 20 pm.

image showing propulsion of a

The applicability of the ZIF-8@Au@catalase micromotors to
detect Cu ions in the CSF was next tested. While there is some
controversy in the literature,*® some studies have illustrated a
general increase in free Cu levels in the CSFs in AD and other
degenerative illnesses.***' While other protein aggregates may
interfere with this system, some clinical studies suggests the
primary role of copper in the modulation of catalase activity.
Indeed, amyloid P is able to decrease the catalase activity,
resulting in an elevation of Cu levels.*> Additionally, Cu
accumulates in the amyloid p plaque of patients with AD,*?
and Cu levels are elevated in AD patients.** Finally, Cu
decreases the catalase activity.*>*® Far from contradicting our
results, this complex system reinforced our hypothesis on
copper-mediated modulation of catalase, without excluding
the participation of other related molecules. Thus, to test the
suitability of our micromotors as fast screening tools for the
sample analysis of AD patients, we choose Cu as the target
analyte, capable of catalase inhibition, for motion-based
sensing performance. We performed a calibration plot by
tracking the speed on the micromotors in the absence and the
presence of increasing concentrations of copper. The results
are listed in Fig. 4A and Video S3.1 As can be seen, as the Cu
concentration increases, there is a marked decrease in the
speed of the micromotors. Speed data were plotted against
copper concentration, obtaining a linear plot. The adjusted
regression weighting equation is speed = -0.52 = 0.03
[Cu, pg L' + 359 + 6 (r = 0.990). Limits of detection and
quantification were calculated as 3 and 10 times the error of
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Fig. 4 (A) Time-lapse microscopy images (taken from Video S31) after 3

s of navigation of the ZIF-8@Au@catalase micromotors in solutions con-
taining different free Cu concentrations (ug L™ in water. (B) Graphical
representation of a regression weighting curve relating the rate of
ZIF-8@Au@catalase to the concentrations of free Cu (ug L™ in water.
Conditions: 1% Triton X-100 and 10% H,O, as the fuel. Scale bars,
20 pm. Error bars represent the standard deviation of 5 measurements.

the intercept divided by the slope of the calibration plot and
are 35 and 115 pg L™" of Cu, respectively.

Next, CSFs of healthy and AD patients at different Braak
stages were analyzed with our micromotors. Details of sample
collection are described in the Experimental section. We also
tested the micromotor propulsion in samples from healthy vol-
unteers. As can be seen in Fig. 5A and Video S4,F efficient pro-
pulsion at a speed of 287 + 41 pm s~ is observed, which is
statistically like the speed of the micromotor in the absence of
Cu, considering the slight differences in the viscosity of the
media. Yet, in AD patients’ samples, a marked decrease in the
speed was noted with a progression of the degenerative stages,
from 255 + 41 pm s~" in Braak stage III to a total stop in the
micromotor motion in severe stage VI. The analysis of a
sample from a healthy volunteer allows the comparison of the
values of different stages of the disease with normal values.
Calculated Cu concentrations were 138 + 79 ug L™" (ug L™") in
the healthy volunteer and 199 + 79, 295 + 34, 323 + 18 and
>500 pg L™ in Braak stages III to VI, respectively (see Fig. 5B).
Braak stage VI is not shown in this graph because its copper
concentration is unknown.

The results show that Cu-mediated modulation of catalase
activity can be proposed as an indicator of different pro-
gression stages in AD. Indeed, in the brains of patients
suffering from AD, both metals, Cu and zinc, are significantly
elevated, in comparison with surrounding healthy tissues.*’
The neurocytotoxicity of Cu and zinc, and the interaction of
zinc and Cu with f-amyloid and tau protein are involved in the

20922 | Nanoscale, 2024, 16, 20917-20924
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Fig. 5 (A) Time-lapse microscopy images (taken from Video S4+)

showing ZIF-8@Au@catalase propulsion in the CSF samples from
different stages of AD. (B) Graphical representation of the relationship
between ZIF-8@Au@catalase speed in different CSFs and its free Cu
concentration calculated from the regression weighting curve.
Conditions: 1% Triton X-100 and 10% H,O, as the fuel. Scale bars,
20 um. Error bars represent the standard deviation of 5 measurements.

pathogenesis of AD. A protective role for zinc can be explained
by its competition with Cu to interact with Af, since the
coordination of zinc to AP changes its conformation and pre-
vents it from interacting with copper, thus circumventing the
formation of hydroxyl radicals via the Fenton reaction that is
otherwise catalyzed by the Cu-Ap complex.*® Indeed, zinc can
exchange redox active metals, such as Cu and iron, in certain
binding sites and attenuate cellular site-specific oxidative
injury. It has been described that zinc increases the activation
and levels of catalase.*®° Thus, although zinc could be inter-
acting in this cellular process, this interaction would be trying
to compensate for the copper-mediated down regulation of
catalase.

4. Conclusions

A ZIF-8@Au@catalase micromotor has successfully been syn-
thesized and used for motion-based sensing of Cu as a marker
of AD. The micromotor relies on catalase as a biocatalyst for
highly efficient propulsion, which also acts as an active layer
for sensing. Compared with previous MOF micromotor
works,'®'” herein we designed and optimized the approach for
covalent immobilization instead of encapsulation, maximizing
contact with the sample with enhanced detection at the micro-
scale using extremely low AD-diagnosed sample volumes.
While the analysis of AD markers is highly complex, our initial
results illustrated a valuable trend among the micromotor

This journal is © The Royal Society of Chemistry 2024
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speed and progression in AD stages. The decrease in the
motion can be attributed to Cu poisoning by catalase, assum-
ing our hypotheses of elevated concentrations of such a metal
as the illness progresses, and some cellular rest. Given that Zn
has been shown to enhance catalytic activity, and considering
the drastic decrease in the micromotor speed in cerebrospinal
fluid samples as the stage of the disease increases (with three
distinct groups clearly: healthy (287 + 41 um s™') and Braak III
(255 + 41 um s') [an early/moderate stage of the disease],
Braak IV (205 + 17 pm s™') and V (191 + 10 pm s~') [a moder-
ate/severe stage of the disease], and Braak VI (0 pm s ") [as the
more severe stage of the disease]), this decrease was attributed
to Cu, whose influence was demonstrated, mainly in the
advanced stages of the disease. As such, we propose Cu-
mediated modulation of catalase activity as a supporting tool
for fast AD pre-screened early diagnosis. The enhanced fluid
mixing and capability for autonomous motion allow for ultra-
fast detection (1 min) in just 1 pL of the CSF sample, which is
particularly difficult to obtain and is available in low quan-
tities. The new approach holds considerable promise as an
additional supporting tool for fast neurodegenerative disease
diagnosis and classification.
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