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ABSTRACT: Immobilizing enzymes into microcarriers is a strategy to improve their c o gesnm
®

long-term stability and reusability, hindered by (UV) light irradiation. However, in such .
approaches, enzyme—substrate interaction is mediated by diffusion, often at slow kinetics. =

In contrast, enzyme-linked self-propelled motors can accelerate this interaction, frequently \
mediated by the convection mechanism. This work reports on a new photosensitive
polymeric Janus micromotor (JM) for UV-light protection of enzymatic activity and
efficient degradation of substrates accelerated by the JMs. The JMs were assembled with
UV-photosensitive modified chitosan, co-encapsulating fluorescent-labeled proteins and
enzymes as models and magnetite and platinum nanoparticles for magnetic and catalytic
motion. The JMs absorbed UV light, protecting the enzymatic activity and accelerating
the enzyme—substrate degradation by magnetic/catalytic motion. Immobilizing proteins
in photosensitive JMs is a promising strategy to improve the enzyme’s stability and hasten

the kinetics of substrate degradation, thereby enhancing the enzymatic process’s

efficiency.

KEYWORDS: micromotors, photosensitive microcarriers, cargo, enzymatic activity protection, accelerated substrate degradation

B INTRODUCTION

Micro-immobilization is a swiftly growing strategy to embed
enzymes into micromaterials to protect the enzymatic activity
and improve stability, substrate degradation, and reusability.' ~
The diffusion mechanism mediates the immobilized enzyme—
substrate interaction, but it is frequently achieved at slow
kinetics.* The enzyme linked to self-propelled motors
accelerates this interaction remarkably for substrate degrada-
tion, often mediated by the convection mechanism.” In this
context, motor-coupled enzymes have been widely explored
not only for powering a wide variety of micro/nanomotor
structures”™” but also for multiple dynamic duties, including
cargo transport,10 sensing,11 and remediation,'> in the
biomedical'® and environmental'* fields, for example, accel-
erated degradation or remotion of tetramethylbenzidine
(TMB),">~"” 2-amino-4-chlorophenol (2A4CP),"*"” and
other substrates.”’”**

Janus micromotors (JMs) based on microcarriers with
magnetic and catalytic motion have an accelerated cargo—
medium interaction.””** The catalytic reaction between
platinum (Pt)* or catalase (Cat) with hydrogen peroxide
(H,0,)—as fuel—produces oxygen bubbles on one side of the
anisotropic JMs used as driving force for their motion.”*” JMs
have been straightforwardly assembled by soft chemistry and
bottom-up approaches”® of lower cost than the top-down
approach counterparts.”” Polymeric JMs based on Mg, Pt, and
Fe;O, nanoparticles (NPs) and polymeric carriers such as
polymeric spheres,”® polymersomes,”’ and polymeric stoma-
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tocytes’> have also been designed to propel by magneto/
catalytic movement for cargo transport and protection” but
not in connection to enzymatic activity protection, the main
novelty of this work.

Oxidoreductases (OTs) degrade the substrate by the oxide-
reduction mechanism, catalyzing oxygen insertion, hydrogen
transfer, and proton extraction steps.”* Horseradish peroxidase
(HRP), laccase (Lac), and Cat enzymes are representative
OTs,*® which have been used in a myriad of applications, such
as organic pollutant remediation,” pharmaceutical biodegra-
dation,*® chemical synthesis, clinical medicine, enzyme-linked
immunosorbent assays (ELISAs),”” biosensors and clinical
diagnosis,38’39 water-quality testing,40 bioremediation, food
industry,"' and enzymatic motor propulsion.”” However, the
OTs lose their enzymatic activity by changes in the medium’s
ionic strength, temperature, pH, or chemical composition,
hindering substrate degradation in multiple uses.”> Some OTs
such as HRP,* Lac,® and Cat*® exhibit inactivation by UV-
light exposition, limiting their use in the presence of sunlight.
Functionalizing an enzyme with UV-absorbing molecules (UV-
AMs) and covering it with TiO, NPs have shown enzymatic
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Scheme 1. (A) Schematic Illustration of Photosensitive Chitosan Polymer (PCH), Fe;0,, and Pt NP Synthesis, ]-PCM Self-
Assembly, Enzyme Immobilization, Enzymatic Activity Protection against UV Irradiation, and Dynamic Substrate Degradation
Accelerated by Both Magnetic Fe;O, NPs and Depletion of H,0, Catalyzed by Pt NPs, Respectively; (B) SEM Micrograph in
the Secondary Electron Mode of J-PCMs with Spherical Morphology and the Corresponding EDX Images of the Distribution
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protection against UV light.*” However, UV-AMs function-
alized directly on the enzyme may compromise their stability
and catalytic center availability.

Photosensitive molecules (PMs) absorb UV-light energy by
the photoisomerization mechanism.”® Conjugating PMs to
polymers is a straightforward manner to assemble UV-
photosensitive polymeric micro/nanocarriers (PCs) with the
ability to release the cargo by UV-light stimulus, taking
advantage of the high UV-light absorption of PMs for the
photoactivation process.” Similarly, light-stimulated poly-
meric JMs are emerging approaches that use UV-light energy
to generate propulsion, cargo transport, environmental control
and remediation, biosensing, and cancer therapy, highlighting
the importance of biophotonic on the micro/nanomotor
field.”"

We report on a new Janus UV-photosensitive polymeric
chitosan micromotor (J-PCM), assembled with soft-chemistry
and bottom-up technologies to demonstrate for the first time
enzymatic activity protection against UV light using UV-AMs
and efficient degradation of substrates accelerated by self-
propelled catalytically and externally controlled magnetic field
motion (Scheme 1). The novel photosensitive polymer was
synthesized by covalently linking UV-photosensitive azoben-
zene molecules to chitosan. The J-PCMs were assembled by
reverse micelles, while co-encapsulating magnetite and Pt NPs
precipitated by gravity as the principle mechanism for the
anisotropic micromotor formation process. DAPI and FITC
proteins and HRP, Lac, and Cat enzymes were efficiently
immobilized by diffusing them into the micromotor’s inner
side and cross-linking them with glutaraldehyde. Although the
photoisomerizable azobenzene molecules demonstrated to

absorb UV light protecting the enzymatic activity (Scheme
2), the J-PCM motion accelerated degradation of TMB,
syringaldazine (SYR) substrates, and bioremediation of 2A4CP
phenolic pollutant. The designed soft-chemistry methodology
represents a new and cost-affordable approach for synthesizing
micromotors compared to high-cost top-down technologies.
Overall, our approach demonstrated to be a promising strategy
to improve the stability of enzymes and the substrate
degradation kinetics advancing the enzymatic process
efficiency with potential use in enzyme-based environmental
intervention and industrial catalytic processes. This is the first
time an azobenzene molecule is linked to CH to synthesize a
new polymer (PCH) to form microcarriers with cross-linked
enzymes and the first probe of enzymatic activity protection
against UV light and dynamic substrate degradation by UV-
AMs and enzymes linked to moving microcarriers (Scheme 2).

B EXPERIMENTAL SECTION

Synthesis of UV-Photosensitive Chitosan. The photosensitive
polymer was synthesized, as shown in Scheme 2. The UV-light
photoresponsive group (PhBA) was activated with DCC/NHS in 0.6
mL of methanol with a 1:2:1 PhBA/NHS/DCC molar ratio, under
constant stirring for 12 h at 20 °C in the dark. Diluted chitosan (CH)
solution in 0.4 M acetic acid (20 mg m™') was added over the
activated PhBA (2:1 PhBA/chitosan molar mass ratio) to react for 48
h in the dark, after which the UV-PCH was obtained. PCH was
precipitated with NaOH (5 wt %), filtered, and washed with acetone,
methanol, and ethanol. Finally, PCH was dried at 60 °C for 6 h,
macerated in a mortar to homogenize the sample, and introduced into
a desiccator to remove the remaining moisture.

Synthesis of Pt and Fe;0, NPs. A total of S0 mg of H,PtCl was
dissolved in 1 mL of H,O (type I) under constant stirring (1000 rpm)
at 40 °C for 10 min. Hydrazine was added dropwise until the solution
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Scheme 2. Synthesis, Enzyme Immobilization, and Photoisomerization Process of UV-Photosensitive Polymeric JMs
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had a pH higher than 10 and stirred for 40 min under the same
conditions. A black precipitate of Pt NPs was obtained with an
average size of 139.3 + 32.7 nm, washed once with water and twice
with ethanol, dried under 60 °C for 2 h, and stored in hexane. 1.5
mmol (300 mg) FeCl,-4H,0 and 2.3 mmol (611 mg) FeCl;:6H,0
were stirred at 1000 rpm in S mL of deionized water at room
temperature for 10 min. A total of 2 mL of 25% ammonium hydroxide
solution was added dropwise over the solution and stirred for S min.
0.7 mmol (125 mg) citric acid was poured over the reaction mixture
and heated up to 70 °C for 1 h and 110 °C for 2 h. A black precipitate
of citric acid-coated Fe;O, NPs was obtained with a singular average
of 195.4 + 53.1 nm and an average agglomerate size of 471.2 &+ 174.1
nm, caused by the presence of citric acid, washed several times with
distilled water, and dried under 60 °C overnight.

J-PCM Self-Assembly. First, 200 pL of homogeneous and
aqueous dispersion of 20 mg mL™' PCH, 1.5 mg of Pt, and 1.5 mg
of Fe;O, NPs was co-solubilized with 2% (wt) of the span 80

surfactant in 400 uL of hexadecane organic medium through an ultra-
turrax homogenizer. Then, after 24 h of resting, 125 uL of 12.5%
glutaraldehyde solubilized in span 80/hexadecane was dripped over
PCH microdroplets. Finally, after 24 h, the J-PCMs were washed with
ethanol three times and resuspended in PBS-1X to store.

Catalytic and Magnetic Motion Experiments. An inverted
microscope was used for taking motion videos of J-PCMs and for
their tracking analysis. A total of 2 uL of 1.5% surfactant (Triton X-
100), 2 uL of 9% H,0,, and 2 L of 1 mg mL™" J-PCMs were put on
a glass slide to get 0.5 and 3% final concentration of surfactant and
H,0,, respectively, for the catalytic motion. A total of 2 yL of 1 mg
mL™" J-PCMs and 4 mL of distilled water were put on a glass slide,
and a neodymium magnet was used for controlling the magnetic
motion of the J-PCMs.

PB-ST and FITC-Peptide Linking to J-PCM Process. A total of
0.23 mg of J-PCMs was previously incubated in PBS 1X for 20 h to
condition and enhance their linking viability in the medium. A total of
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50 uL of PB-ST or FITC-peptide (1 mg mL™") in PBS 1X was stirred
in a shaker at 800 rpm and 37 °C for 1 h and kept overnight at 4 °C.
The J-PCM-linked protein was washed several times with PBS 1X,
once with PBS 1X-tween, and with PBS 1X once more until the
fluorophore wavelength signal in the supernatant was not detected
and finally stored in PBS 1X at 4 °C.

HRP, Lac, and Cat J-PCM Linking Process. A total of 1 mL (2
mg mL™") of J-PCMs was incubated with PBS 1X for 2 h, precipitated
with the magnetic field, and separated from the dispersion. Then, the
precipitate was washed once with PBS 1X, resuspended with HRP,
Lac, or Cat solution at 0.21 mg mL™" in PBS buffer 1x, PBS buffer
(pH 6.5), and PBS (pH 7.0), respectively, stirred in a shaker for 1 h at
25 °C, and subsequently allowed to stand at 4 °C for 12 h and 2 h for
the HRP and Lac solutions, respectively, and 37 °C for 2 h for the Cat
solution. The J-PCM-linked enzymes were washed several times with
the respective buffer, once with PBS 1X-tween, and with PBS 1X once
more, until enzyme activity in the supernatant was not detected, and
stored in PBS 1X, PBS pH 6.5, and PBS pH 7.0 at 4 °C for HRP, Lac,
and Cat, respectively.

Loading Capacity of J-PCMs. An excess of protein was
incubated with the J-PCMs (previous section). After the protein
immobilization process, the remaining not-linked enzyme was
removed by applying the magnetic field for 5 min. The resultant
free protein in the supernatant was then collected. It was proved with
the disaggregation of J-PCMs in acidic solution and the quantification
of the delivered enzyme.

Enzymatic Activity Protection Against UV Light. 1 mg mL™
free-HRP, -Lac, and -Cat or 2 mg mL™! J-PCM-linked enzyme in PBS
1%, PBS pH 6.5, and PBS pH 7.0 solutions was exposed to 365 nm
UV light, from 0 to 60 min in 5 min intervals, respectively. The
relative activity was determined for 12 ng mL™' free-HRP, 0.15 mg
mL™" free-Lac and -Cat, and 330 ng mL™", 50 g mL™", and 150 pg
mL™" J-PCM-linked HRP, Lac, and Cat, for each time interval, with
0.3 mM TMB, 0.041 mM SYR, and 1.41 mM TMB, respectively. The
quantification was made by UV spectrophotometry, following the
maximum intensity at 650 nm for TMB and 530 nm for SYR.

TMB (HRP), SYR (Lac), 2A4CP (Lac), and TMB (Cat)
Degradation Experiments. A total of 2 mL of 0.3 mM TMB,
0.041 mM SYR, 6.25 uM 2A4CP, and 1.41 mM TMB were added
into Petri dishes as the base solutions, respectively. 2 mg mL™" (978 X
10° J-PCMs mL™") J-PCM-linked HRP, 4 mg mL™" (1956 X 10° J-
PCMs mL™') J-PCM-linked-Lac and -Cat, and free enzymes
(equivalent concentration of immobilized enzymes) were used for
the degradation process in four Petri dishes with the mentioned
conditions, and their respective controls, that is, for dynamic J-PCM-
linked-HRP and -Lac experiments; magnetic and static J-PCM-linked
Cat (without Pt NPs) in the presence of H,0,, catalytic J-PCM, and
magnetic J-PCM-linked Cat for Cat experiments; and free enzyme,
UV light, static J-PCM-linked enzyme, and dynamic J-PCMs for HRP,
Lac and Cat experiments. The magnetic movement was controlled
with an external magnetic field at 800 rpm. All of them were exposed
to UV light at 365 nm.

Reusability Cycles of the J-PCM-Linked Enzyme. The relative
activity of J-PCM-linked HRP, Lac, and Cat (2, 4 and 4 mg mL™},
respectively) was determined in a microcentrifuge tube with 1 mL of
0.3 mM TMB, 0.041 mM SYR, and 1.41 mM TMB, respectively. After
the first TMB degradation, the J-PCM-linked HRP, Lac, and Cat were
washed thrice with PBS 1%, PBS pH 6.5, and PBS pH 7.0, once with
tween-PBS 1X, and once again with PBS pH 6.5 and PBS pH 7.0,
respectively. The residual activity was calculated with 0.3 mM TMB,
0.041 mM SYR, and 141 mM TMB, respectively, and so on,
consecutively.

Enzymatic Activity Behavior in the Presence of H,0,.
Enzymatic activity was determined with TMB (HRP), SYR (Lac),
and TMB (Cat) degradation experiments. It was tested with 0 and 3%
H,0,, quantifying the substrate degradation with the absorbance
methodology in a 96-well plate, using the Varioskan previously
described, with 800 rpm stirring condition, to not have a diffusion
restriction in the substrate degradation by the enzymes.

For UV-photosensitive chitosan microcarrier (PCMC) self-
assembly, characterization of chemical structures and detailed spectral
data of PCH and PCMC synthetic routes for 'H NMR and Fourier
transform infrared spectroscopy (FT-IR), quantification of free
primary amines of CH and PCH, morphological, microstructural,
and fluorescence microscopy and spectrophotometry characterization,
J-PCM photoisomerization degree, UV-light exposure, and tracking of
the J-PCM trajectories for velocity quantification upon a time, please
refer to the Supporting Information section. For loading capacity of J-
PCM quantification, concentration and fluorescence protection of
FITC peptide and PB-ST in J-PCMs, the concentration of HRP, Lac,
and Cat in J-PCMs, UV-light effect over the FITC peptide and J-
PCM:-linked PB-ST, K,, and V. determination, TMB (HRP), SYR
(Lac), 2A4CP (Lac), and TMB (Cat) degradation quantification, and
supporting videos and velocity quantification, also see the Supporting
Information section.

Scheme 1 illustrates the methodology for synthesizing and self-
assembling J-PCMs, protein immobilization, enzymatic activity
protection against UV light, and kinetic-accelerated substrate
degradation employing H,0O, depletion from Pt NPs for catalytic
and Fe;O, NPs for magnetic motion, respectively. Scheme 2 displays
the photosensitive chitosan polymer (PCH) and J-PCM synthesis,
enzyme immobilization, and photoisomerization mechanisms from
UV-light absorption.

B RESULTS AND DISCUSSION

PCH synthesis consists of an amidation reaction between a
carboxyl terminal azobenzene PM as UV-AMs with amine
groups from chitosan by covalent linking, leading to a high and
controlled distribution of the UV-AMs into the chitosan
polymer backbone (Scheme 2). Pt and Fe;O, NPs were
synthesized using the reduction’ and nanoprecipitation®
methods, respectively (Figure S1, Supporting Information). A
soft-chemistry process was used to form J-PCMs as a new
strategy to simplify current methodologies and facilitate
replication (Scheme 1). An aqueous dispersion of PCH, Pt,
and Fe;O, NPs was co-dispersed and homogenized by high
energy to produce inverse micelles in an organic solvent with
the aqueous dispersion encapsulated in the core. The inverse
micelles behave template-like due to organic solvent viscosity.
Gravity action precipitated the NPs in one of their sides after
24 h of resting. Glutaraldehyde solubilized in a surfactant/
organic solvent dripped over PCH microdroplets started a
cross-linking reaction between PCH free amines®* and gelled
the PCH polymer with NPs entrapped in one side, allowing to
form the anisotropic J-PMCs. Washing with ethanol and
removing the organic solvent excess and the inverse micro-
emulsions left free the aldehydes and amines in the solid—gel
micromotors for protein immobilization. The J-PCMs have
three different motion types, magnetic due to the presence of
magnetite, catalytic from the oxygen bubbles ejected from one
J-PCM side by Pt-catalyzed depletion of the H,0,, and
magnetocatalytic using both combined (Scheme 1A). SEM
micrographs show the anisotropic characteristic of the
spherical J-PCMs checked with EDX images with C, Fe, and
Pt distribution as expected and the diameter size of 12 pm
(Scheme 1B) and the secondary electron (SEI) and back-
scattered (BES) modes for NP differentiation into J-PCMs
(Figure S2A,B, Supporting Information, respectively).
Although chitosan JMs have been developed with the inverse
micelle method and a cross-linking strategy with a microfluidic
system,” this work is the first attempt to simplify the process
using gravity to produce anisotropic microcarriers, employing
merely a homogenizer for microdroplet formation.
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PCMC and J-PCM synthesis consists of the cross-linking of
free amines from both the PCH and the protein with
glutaraldehyde for the immobilization and homogeneous
distribution of azobenzene in the microcarriers. As a result,
the azobenzene segments can photoisomerize by UV-light
exposition and, consequently, absorb the UV energy, acting
like a homogeneous protecting barrier (Scheme 2). UV-AMs
have been linked to chitosan and their derivatives, which
absorb the UV energy for cargo delivery,”>*® sunscreen
development,®” photosensitizer viability,”® and cell attachment
control® strategies. However, to the best of our knowledge,
this is the first time that an azobenzene molecule was linked to
CH to synthesize a new polymer (PCH) with the ability to
form microcarriers with attached cross-linked enzymes. It is
also important to remark that this is the first probe of
enzymatic activity protection against UV light and dynamic
substrate degradation by UV-AMs and enzymes linked to
moving microcarriers (Scheme 2).

The PCH and PCMC synthesis was characterized by FT-IR
and proton nuclear magnetic resonance ('"H NMR) (Figures
1A and S3, Supporting Information). Figure 1A shows the FT-
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Figure 1. Characterization of the polymer precursor and J-PCMs. (A)
Characterization of the PCMC synthetic route by FT-IR. (B)
Potentiometric titration of CH (black line) and PCH (blue line) and
the corresponding second derivative to determine the inflection
points (black and blue graphic insets, respectively). (C) Fluorescence
microscopy images of the self-fluorescent photosensitive chitosan, the
J-PCMs, and the Pt and Fe;O, NPs (observed with the optical, FITC,
and TRITC filters, at 600 ms of UV-exposition time), respectively.
Synthesis and formation of the PCMCs (a) and development (b) and
self-propulsion (c) of the J-PCMs. (D) UV—vis spectra variation of J-
PCMs induced by photoisomerization at different UV-exposure times.
The scale bars are 12 ym (yellow) and 25 um (red), respectively.

IR spectrum of the PCH (blue line) from chitosan (CH, black
line) and 4-phenylazobenzoic acid (PBA, red line). The
formation of the amide at 3325 cm™" (linked group) and the
fact that the carbonyl from the PBA carboxylic group at 1680
cm™ disappears in the PCH evidenced that the synthesis
processes of the photosensitive polymer occurred. The —OH
vibration (3404 cm™) is more sensitive than the —NH,
stretching band (not evidenced) in the CH spectrum. In this
context, the characterization of primary amines was achieved
with the stretching vibration among scissoring absorptions
from 1578 to 1662 cm™". However, when the secondary amide
from PCH was formed, the bending vibration band at 3325

cm™! appeared, and the —OH vibration at 3474 cm™' was

maintained due to low reaction efficiency, which is essential to
have free —NH, groups. The permanence of the signal at 1574
ecm™ (from CH in PCH) confirms the presence of primary
amines, necessary for further microcarrier self-assembling
through the cross-linking reaction.

The presence of principle signals of PBA and CH '"H NMR
spectra (Figure S3A,B, Supporting Information, respectively)
and the PCH 'H NMR spectrum (Figure S3C, Supporting
Information) confirmed the PCH synthesis. The PCH 'H
NMR spectrum was characterized by 8.19—7.62 ppm signals
from the azobenzene rings, (Figure S3Ca, Supporting
Information, respectively), 3.47—3.40 ppm signals from the
CH ring (Figure S3Cc, Supporting Information), 3.28 ppm
signal from CH-available amine, and 1.72 ppm from
acetylation of CH (Figure S3Cc—e, Supporting Information,
respectively). The addition reaction between PBA and CH for
PCH synthesis was evidenced through PCH FT-IR and 'H
NMR spectra, which characterized the produced amide and
PBA in the CH polymer. Therefore, it was necessary to
estimate the extent of free amine groups from PCH (Table S1,
Supporting Information) to evaluate the PCH capabilities to
cross-link with glutaraldehyde and then to form the PCMCs
and J-PCMs, by potentiometric titration (65.1%) (Figure 1B)
and FT-IR (67.1%) (Figure S3E, Supporting Information),
using eqs S1 and S2 (Supporting Information), respectively.
Then, the extent of azobenzene molecules introduced into the
CH backbone was 16% from eq S3. The FT-IR character-
ization shows the spectrum of PCMCs corresponding to the J-
PCMs (Figure 1A-PCMCs). The main functional groups
present a band extension at 3326 and 1626 cm™’, which
confirmed the Schiffs base formation by the cross-linkin
reaction between the free amines and aldehyde groups.’
Optical and fluorescence micrographs of J-PCMs show their
spherical morphology and anisotropic and self-fluorescence
characteristics observed with optical, FITC, and TRITC filters
at a high UV-light exposure time (Figure 1C). CH-
glutaraldehyde cross-linking interaction allows observation of
the low self-fluorescence of the J-PCMs in green and red color
emissions.’”*> Dark spots in J-PCM micrographs evidence the
Fe;O, and Pt NPs compared to PCMCs (Figure 1Ca),
showing their anisotropic characteristic (Figure 1Cb). Oxygen
bubbles from Figure 1Cc evidenced the J-PCM self-propelling
characteristics after the catalysis reaction between the Pt NPs
and H,0, (3%) in an aqueous medium. Azobenzene
compounds generally do not present self-fluorescence®®
because they do not emit light after UV-light exposure but
absorb it through trans—cis photoisomerization effect,
succeeding excitation to the S; (n — #*) state around the
N=N double bond.** However, when the azobenzene is
within a compact structure, it is possible to evidence blue®® and
low-green®® self-fluorescence, which is not evidenced by
fluorescence emission detection. The J-PCM UV-light
absorption was studied through the evolution of the UV—vis
transition bands from the azobenzene units upon a time by
following the signal decrease at 331 nm. Thus, after 30 min of
UV-light exposure, the J-PCMs experienced the maximum
photostimulation extent (Figure S4, Supporting Information)
because the contained azobenzene absorbed the UV irradiation
up to 30 min (Figure 1D).

From a representative sample of J-PCMs (Figure 2A-left),
the average diameter was estimated to be 12.5 + 1.3 ym (n =
12) calculated through the normal distribution of each particle
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Figure 2. Characterization of micromotor movement. (A) Optical
microscopy image of the J-PCMs (left) and the corresponding normal
distribution of their particle size (right). Tracking of the dynamic
movement of J-PCMs. (B) Catalytic movement for 0 s (left) and 2.74
s (right). (C) Magnetic movement for 0 s (left) and 3.59 s (right).
(D) Magnetocatalytic movement for 0 s (left) and 2.63 s (right). Data
come from Videos S1, S4, and S6, from the Supporting Information,
respectively. The black, blue, red, and yellow scale bars are 20, 25, S0,
and 100 um, respectively.

diameter (Figure 2A-right). The catalytic movement of J-
PCMs was characterized by the tracking software from the
Nikon microscope, whose average velocity was 198.3 + 12.6
pm s~ (15.9 body lengths s™') (n = 10) in a 3% H,0, aqueous
solution containing 3% surfactant (Figures 2B and SSA).
Please see single catalytic (but no magnetic) (Video S1),
zoomed-in JPCM (Video S2), and multiple motion (Video S3)
in the Supporting Information. Similarly, the J-PCM:s displayed
magnetic movement with three and four linear trajectories in
different directions with an average velocity of 45.5 & 10.3 pm
s' (3.6 body lengths s™') (Figures 2C and S5B), by optical
(Video S4) and fluorescence imaging (Video S5) in the
Supporting Information, respectively, in which their self-
fluorescence can be used for tracking. Interestingly, J-PCMs
showed magneto-catalytic movement with a propelling/motion
in multiple directions and one orientation to interact with the
medium at an enhanced velocity of 600.4 + 35.4 yum s~ (48.0
body lengths s™") (Figures 2D and SSC and Video S6 in the
Supporting Information). The J-PCM motion will have a
profound impact on the enzyme—substrate accelerated
interaction kinetics, as demonstrated below. Furthermore,
magnetic guidance of self-propelled J-PCMs permits their
proper external control for advanced applications, such as site-
specific substrate degradation,”” removal of J-PCMs for
enzymatic activity reactivation and reusability,"**’ and
biosensing70 and assessing the level of cellular interaction,””
among others.

The spherical morphology, diameter size, and cross-linking
of CH with glutaraldehyde of J-PCMs allow high surface and
support area’” available for protein linking. The J-PCMs based
on the CH biopolymer provide hydrophilicity, biodegrad-
ability,”* and biocompatibility.”* The J-PCM protein immobi-
lization ability was demonstrated by loading an FITC peptide
and PB-ST, covalent immobilization, and absorption inter-
action and taking advantage of the available primary amines
from the peptide and C—C affinity, respectively. Fluorescence
micrographs show the green and blue color emissions of the
model proteins immobilized on the J-PCMs (Figure 3Aab)
and their respective CH JM control (without chromophore)
(Figure 3Ac,d) compared by optical, FITC, and DAPI filters,
and the three of them merged (Figure S6, Supporting
Information). FITC peptide and PB-ST loading capacity
were determined (Table S3, Supporting Information), employ-
ing eqs S4 and SS, (Supporting Information), showing higher
loading capacity of the covalent immobilization methodology
with respect to the absorption one counterpart. The J-PCMs
absorb the UV irradiation protecting the fluorescence capacity
of the conjugated protein, which were quantified by RFU
spectra to be around 97 and 70% for FITC peptide- and PB-
ST-linked J-PCMs, respectively, after 30 min of UV exposure
(Figure 3B), compared to 50% FITC peptide- and 40% PB-ST-
linked J-CMs, respectively, used as the control (Figure S7 and
Table S4, Supporting Information). Fluorescence protection
by UV-AMs present in the J-PCMs was evidenced due to the
initial fluorescence of the protein linked to the J-PCMs kept
constant (stable) upon UV irradiation. The high loading
(immobilization) efficiency comes from free amine groups
available in the protein. The protein-fluorescence protection
against UV-light irradiation opened up opportunities to extend
fluorescence intensity and protein activity upon time for
encapsulated protein-based applications.

HRP, Lac, and Cat were covalently linked to J-PCMs
through the free amines from the enzymes, the enzyme-loading
capacity (Table S3, Supporting Information), and the
Michaelis—Menten constants of J-PCM-linked enzymes
concerning the free enzymes were assessed (Table SS,
Supporting Information), utilizing eq S6—S18 (Supporting
Information), based on Figures S8 and S9 (Supporting
Information), respectively. K, and V,,., constants displayed a
similar behavior when comparing the enzyme-linked J-PCMs
and free enzymes, having a relatively low restriction in the
substrate diffusion to the linked enzyme thanks to the J-PCM
gel-like absorption property from chitosan and the cross-
linking methodology used. Thus, the catalytic center of the
linked enzyme has high availability for substrate interaction
and further degradation. Furthermore, a magnetic J-PCM
enzyme-based platform allows the enzyme activity reactivation
and reuse, compared to free-enzyme applications of a single
use, showing reusability of 2, 6, and 2 cycles with 80% of
enzymatic activity extent for HRP-, Lac-, and Cat-linked J-
PCMs, respectively (Figure S10, Supporting Information). The
J-PCM magnetic properties extend the shelf-life of immobi-
lized proteins, allowing a high control for dynamic degradation,
extraction, and reuse.

Enzymatic UV-photoinactivation assay compared the
enzymatic activity from the enzyme-linked to J-PCMs versus
the free enzyme following the evolution of the UV—vis
transition bands from the corresponding substrate upon a time
(Figure 3C). Although relative activity of the HRP and Lac
immobilized into the J-PCMs was protected 100 and 85%,
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Figure 3. Enzymatic protection and enhanced substrate degradation. (A) Fluorescence microscopy images of the J-PCMs (a,b) and J-CMs
(control) (c,d) loaded with FITC peptide and PB-ST, before (a,c) and after 30 min UV exposure (b,d), observed by the FITC and DAPI filter, at
71 and S0 ms of UV-exposition time, for the FITC peptide and PB-ST, respectively. The scale bar is 6 gm. (B) Fluorescence of FITC peptide
(green graphic) and PB-ST (blue graphic) loaded at the J-PCMs: RFU spectra before (continuous line) and after 30 min UV-light exposure
(dotted line). (C) Relative activity under UV-light exposure. (D) TMB degradation under UV-light exposure. Pictures of TMB degraded after 25
min of reaction for the dynamic J-PCM-HRP (a), free HRP (b), static ]-PCM-HRP (c), and dynamic J-PCMs (d). (E) SYR degradation under UV-
light exposure. Pictures of SYR-degraded after 10 min of reaction for the dynamic J-PCM-Lac (a), static ]-PCM-Lac (b), free Lac (c), and dynamic
J-PCMs (d). (F) 2A4CP degradation under UV-light exposure. Pictures of 2A4CP-degraded after 30 min of reaction for the dynamic J-PCM-Lac
(a), free Lac (b), UV-light (c), static ]-PCM-Lac (d), and dynamic J-PCMs (e). (G) TMB degradation under UV-light exposure. Pictures of TMB-
degraded after 40 min of reaction for the magneto-catalytic ]-PCM-Cat (a), catalytic J-PCM-Cat (b), magnetic ]-PCM-Cat (c), dynamic J-PCMs
(d), and free Cat (e).

respectively, for 30 min, the one of Cat-linked and free Cat was min of UV-light exposure, while Cat’s activity remained
100% upon UV exposure even for 60 min. The free-HRP and unchanged (Figure 3C). UV-irradiation photoinactivated the
-Lac underwent 23 and 54% decreased relative activity after 30 HRP and Lac enzymatic activity, preventing the proper
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substrate oxide-reduction processes. It may be related to the
heme prosthetic group of the HRP absorbing the UV light,
causing photoionization,44 and the UV-light absorption of Lac
generates reactive oxygen species and singlet oxygen, thus
triggering_the photo-oxidation mechanisms in its amino acid
residues.” Cat does not present photoinactivation with UV
light exposure. Although 150—450 W UV-light irradiation
power has been demonstrated to produce partial heme
destruction and the Cat photoinactivation, this high irradiation
power significantly exceeds the one used in this study (6 W).”®
The J-PCMs protected the enzymatic activity of the linked
enzyme around 30 min of UV irradiation because the
contained azobenzene molecule absorbs 77% of the UV
energy for its trans—cis photoisomerization (Figures 1D and
3C, eq S19, Supporting Information). The 33% of UV-
overlapped energy (eq S20, Supporting Information) inacti-
vated the 15% of the Lac-linked J-PCMs in the photo-
isomerization time, but not the HRP counterpart because the
Lac enzyme is more sensitive to UV light, demonstrating high
promise for enzymatic activity protection strategies. Once this
time is overpassed, unlike the J-PCMs, the enzyme adsorbs the
UV irradiation truncating the protective effect as observed.

Substrate degradation assays showed accelerated and
efficient kinetics by the dynamic interaction between the J-
PCM:-linked enzyme and the substrate (Figure 3D—F). The
extent of substrate degradation was quantified using eqs S9—
S11 and S21 (Supporting Information), for TMB (HRP), SYR
(Lac), TMB (Cat), and 2A4CP (Lac), from Figures S8D, SSF,
S81, and S8G (Supporting Information), respectively. As H,0,
decreases the Lac activity (Figure S11A, Supporting
Information), 100% TMB degradation was highly accelerated
by an external magnetic field without H,0,, in 25 min reaction
time with the dynamic J-PCM-HRP process, under UV
exposure, compared to around 8% TMB degradation of the
free-HRP, static J-PCM-linked HRP, dynamic J-PCMs, and
UV light used as controls (Figure 3D). 100% SYR and 80%
2A4CP degradation under UV exposure was highly accelerated
up to 10 and 30 min of degradation time with the dynamic J-
PCMs-Lac process by magnetic motion, respectively, without
H,0, to avoid the Lac inactivation (Figure S11B, Supporting
Information). Compared to approximately 7% SYR- and 10%
2A4CP of the free-Lac, static J-PCMs-Lac, dynamic J-PCMs,
and UV-light controls (Figure 3E,F, respectively), the
accelerated degradation by dynamic J-PCM-enzyme was within
the enzymatic activity protection time (30 min) against UV
light, demonstrating the enzyme’s capacity for the enhanced
substrate-degradation kinetics and enzyme protection against
UV irradiation. The controls confirm the inefliciency of the
substrate degradation processes, proving a few contributions of
the UV-light-Fe;0, NPs’® and UV-light—substrate”” inter-
action, like poor self-mobility of the free enzyme and low
diffusion of the substrate through the medium to interact with
the J-PCM-linked enzyme. In this regard, the degradation
concept was tested with substrates with different enzyme
affinities and 2A4CP, highlighting the potential for environ-
mental intervention and pollutant remediation triggered by
sunlight.

100% TMB degradation under UV exposure was highly
accelerated in 5 min reaction time by magnetocatalytic
movement, 15 min by catalytic, and 40 min by magnetic
(without Pt NPs) J-PCM-Cat motion as compared to the
TMB-degradation extent of 95% by static (without PT NPs) J-
PCM-Lac, 81% by catalytic (without Cat) J-PCMs, 17% by

magnetic J-PCM-Cat, 10% by free-Cat, 3% by UV light, and
3% by static J-PCM-Cat in 40 min of the reaction used as
controls (Figure 3G). Although H,0, increases the Cat
activity’® (Figure S11C, Supporting Information), it was
proved that the substrate-degradation kinetics was highly
accelerated with magnetocatalytic and catalytic motion,
compared to the J-PCM-Cat magnetic motion control without
Pt NPs and H,0,, when the Cat-H,0, dynamic contribution
was evaluated. Similarly, the Pt and Fe;O, NP-H,0,
interaction was evaluated with the catalytic (without Cat) J-
PCM control to estimate the contribution of O, bubbles and
the Fe;O, NP-UV-light synergy in the dynamic TMB
degradation. Magnetic J-PCM-Cat assay proved the Cat
activation because the dynamic TMB degradation was less
efficient without H,0,. The free-Cat had more mobility in the
medium than the HRP and Lac, but the diffusion was
insufficient to degrade TMB efficiently. Like the other linked
HRP and Lac enzymes, the UV light and substrate interaction
and the static-linked Cat were evaluated as controls, showing a
low TMB degradation and a diffusion restriction. Furthermore,
the Cat activity was not affected by the complete photo-
isomerization of the azobenzene molecule into J-PCMs,
allowing the proper degradation of the substrate after 30 min.

B CONCLUSIONS

New UV-photosensitive polymeric JMs were synthesized and
characterized through FT-IR and 1H NMR. Enzymes were
linked to the J-PCMs by cross-linking with glutaraldehyde. The
azobenzene present in the J-PCMs photoisomerized in 30 min
UV-light absorption. J-PCMs had a spherical morphology with
12 pm of size and 600.4 um s™* of velocity in 3% H,0, when
propelled by the magnetocatalytic reaction. Protein immobi-
lization and fluorescence protection concepts were demon-
strated by comparing fluorescence microscopy images of J-
PCMs and CH JMs without chromophores and quantifying by
RFU spectra. The relative enzymatic activity of HRP and Lac
immobilized into J-PCMs was protected against UV exposure
compared with the free-HRP and free-Lac, respectively. TMB,
SYR, and 2A4CP, as substrates of the HRP and Lac, were
degraded under UV exposure by HRP- and Lac-linked J-PCMs
with magnetic motion after 25, 10, and 30 min of reaction
time, respectively. Free-HRP and -Lac with convection
restriction, static HRP- and Lac-linked J-PCMs, dynamic J-
PCMs, and UV light were inefficient in degrading TMB, SYR,
and 2A4CP, as expected. Immobilized Cat into J-PCMs with
magneto/catalytic motion degraded TMB with accelerated
kinetics in only 5 min. Overall, the new strategy developed for
enzymatic activity protection against UV light and the fast
substrate degradation that impart the J-PCMs by magnetic and
catalytic motion interaction improved the enzymatic activity
efficiency, holding the potential to be implemented for
accelerated water remediation stimulated by sunlight. There-
fore, the enzyme protection and dynamically enhanced
substrate degradation of the J-PCM concept could be extended
to many other applications, including chemical synthesis,
organic pollutant (bio)remediation, pharmaceutical biodegra-
dation, ELISAs, biosensors, clinical medicine, and industrial
applications.
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Chemicals, experimental details, equipment, equations,
tables, and additional figures (PDF)

Trajectories and scenarios depicted in Figure 2B—D in
the main text and their velocity quantification from
Figure SSA—C for J-PCMs catalytic, magnetic, and
magneto-catalytic motions, respectively. J-PCMs cata-
lytic motion, Video S1 (MP4)

Zoomed-in JPCM motion, Video S2 (MP4)

Multiple motion, Video S3 (MP4)

J-PCMs displayed magnetic movement with three linear
trajectories in different directions by optical imaging,
Video S4 (MP4)

J-PCMs displayed magnetic movement with four linear
trajectories in different directions by fluorescence
imaging, Video SS (MP4)

J-PCMs showed magneto-catalytic movement in multi-
ple directions, Video S6 (MP4)
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