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ABSTRACT

The excess amount of reactive oxygen species (ROS) is a crucial problem in health and in many industrial pro-
cesses. Nanozymes of antioxidant enzyme mimicking features are promising ROS scavengers, however, their
formulation is challenging. This work focuses on the development of a ROS decomposing polymer mesh by immo-
bilization of Cu(Il) containing layered double hydroxide (CMA3) nanozymes on the surface of polycaprolactone
(PCL) membranes prepared by the electrospinning method. The CMA3 nanoparticles were electrosprayed on PCL
meshes resulting in the formation of nanozyme ring patterns. The amount of immobilized CMA3 was propor-
tional to the flow rate during electrospraying, while the interfacial spider web-like structure was not significantly
affected by this parameter. The obtained PCL-CMA3 composite materials showed remarkable superoxide radical
anion scavenging activity. Such a decoration of the PCL mesh with CMA3 provides a possible solution for antiox-
idant nanozyme formulation for biomedical and industrial applications combatting the overproduction of ROS

molecules.

1. Introduction

Reactive oxygen species (ROS), like superoxide radical anions, hy-
droxyl radicals, singlet oxygen and hydrogen peroxide play an impor-
tant role in various redox reactions that cause harmful oxidative modi-
fications in biological macromolecules (e.g., proteins, nucleic acids and
lipids) [1]. On the other hand, ROS are indispensable in certain phys-
iological processes including cell signaling, immune responses and re-
dox regulations [2]. Thus, their level must be precisely balanced by the
antioxidant defense system [3]. In case of external or internal pertur-
bation of this delicate equilibrium, illnesses such as cancer [4], inflam-
mation [5] and cardiovascular diseases [6] may develop. Moreover, the
increased concentration of ROS is responsible for various skin diseases
(e.g., atopic dermatitis and diabetic wounds) and inefficient tissue re-
generation processes [7]. Above a certain level, they can inhibit the
healing process and cause severe pain and discomfort to patients. In ad-
dition to the undesirable physiological effects, elevated ROS level is a
major problem in the industry too. In food manufacturing, for instance,
prevention of oxidation (e.g., meat, fruit and dairy products) by ROS
molecules is a considerable challenge [8].
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Due to the above reasons, supplementation of natural and/or arti-
ficial antioxidants attracts widespread contemporary attention [9-13].
For example, nanozymes has recently surfaced as possible alternative to
native molecular and enzymatic antioxidants, as they have similar bio-
catalytic functions accompanied by more advantageous properties (e.g.,
operating in wide range of pH, temperature and pressure, while well dis-
persible in water) compared to the natural counterparts [14]. They can
be divided into two groups, such as nanoparticles with immobilized an-
tioxidants (type I) and nanoparticles with intrinsic enzyme-like activity
(type 2) [10]. Oxidase [15], catalase (CAT) [16], superoxide dismutase
(SOD) [17] or peroxidase [18] activity of inorganic nanoparticles (ceria
[19], Au [20], Fe30, [21] and layered double hydroxide (LDH) [22])
were reported in the past.

Concerning LDHs, they are one of the most studied groups of
clay minerals, both in terms of surface and structural modification
[23,24], and applications as nanozymes are receiving growing inter-
est [18,22,25-27]. Immobilization of biomolecules in/on LDH nanopar-
ticles (type I nanozyme) was comprehensively investigated [28-301,
while other studies focused on the structural modification (type II
nanozyme) based on the adjustable metal ion composition. For the lat-
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ter, Mn [18], Ru [26], Fe [22], Co [27] and Cu [25] doped MgAI-LDHs of
single or multi-enzymatic antioxidant functions have been synthesized.
Despite of the great efforts in development of LDH-based nanozyme
systems, practical applications are still hindered by various factors,
for instance, proper formulation for skin treatments or packaging
materials.

In this way, polymer meshes are promising platforms to formulate
nanoparticles by immobilization in/on the fibers [31]. Electrospinning
is a common method for the production of polymer membranes of well-
distributed structure that can be prepared from many natural macro-
molecules (e.g., polycaprolactone (PCL), polyvinyl alcohol, chitosan or
gelatin) [8]. The electrospun polymeric scaffold has a similar architec-
ture to the fibrillary structure of the extracellular matrix, which can be
beneficial for biomedical applications [32], while its advantageous me-
chanical properties and structural tuneability promote the use in active
food packaging [33].

PCL is a popular precursor material in electrospinning due to its bio-
compatibility, moderate biodegradability and low cost [34-36]. Many
examples are known in the literature, in which PCL has been used as
a host for the immobilization of natural antioxidants and/or antimicro-
bial compounds [8]. Accordingly, PCL membranes containing melanin
[371, chlorogenic acid [38], green tea [33] and oregano essential oil
[39] have already been developed for active food packaging to prevent
the ROS-induced food spoilage. In addition, curcumin [40], tannic acid
[41], taxifolin [42], vitamin C [43], pomegranate peel extract [44] and
lignin [45] have been incorporated into PCL to improve wound healing,
post-operative adhesion and to treat osteoarthritis.

Although the immobilization of natural antioxidants has been widely
studied, their research in the solution/dispersion phase is increasingly
overshadowed by the growing interest in type II nanozymes [10]. This
trend is due to the fact that nanozymes perform better than natural
antioxidants in certain properties (e.g., easier and cost-effective prepa-
ration, stability). Therefore, there is an urgent need to investigate im-
mobilized nanozymes from various aspects. While natural antioxidants
have been widely studied in PCL-based systems, there is a lack of com-
prehensive investigation involving the immobilization of nanozymes on
PCL membranes. Only a few recent studies could be found, which can
be summarized as follows. Accordingly, curcumin has already proven
as a promising material for wound healing applications and its combi-
nation with metal nanoparticles also showed advantageous properties
[46]. The PCL scaffolds containing curcuminoid and metal nanoparti-
cles showed great radical scavenging ability separately, but the highest
activity was observed once they were applied together. In addition to
its antioxidant property, the scaffold also showed antimicrobial activ-
ity, making it a promising material for biomedical applications. As an
example of type II nanozymes, ceria nanoparticles were immobilized in
PCL/gelatine nanofibers and conferred excellent superoxide scavenging
activity to the scaffold resulting in enhanced cell growth on the mem-
brane surface and thus, promoting wound healing [47]. Besides, Cu
modified carbonitride particles were embedded into PCL membranes
giving rise to broad spectrum antibacterial activity on various mul-
tidrug resistant bacteria as well as to anti-inflammatory effects [48].
To the best of our knowledge, no data have been published with elec-
trospun fibers consisting of LDH-based antioxidant nanozymes and PCL
matrix.

Therefore, the aim of this work was to develop a novel nanozyme-
loaded PCL membrane that can be used in certain biomedical or indus-
trial applications. The Cu(Il)-loaded LDH nanoparticles (CMA3) were
immobilized on the as-synthesized PCL membranes by the electrospray
method (Scheme 1). The formation of the PCL/CMA3 hybrid was con-
firmed by various structural characterization methods, while its SOD-
like activity was determined in chemical test reaction. With the superb
antioxidant activity, PCL/CMA3 membranes pave the way for applica-
tion of polymer-nanozyme materials in wound dressings or in active
food packaging.
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2. Experimental section
2.1. Materials

Copper chloride dihydrate (CuCl,-2H,0), magnesium chloride hex-
ahydrate (MgCl,-6H,0), aluminium chloride hexahydrate (AICl;-6H,0),
sodium hydroxide pellet (NaOH), xanthine and nitro blue tetrazolium
(NBT) were purchased from VWR International, while polycaprolac-
tone (PCL) (M,,= 80000), dichloromethane (DCM), dimethyl formamide
(DMF) and xanthine oxidase were acquired from Sigma Aldrich. The ma-
terials were used without any further purification.

2.2. Synthesis of CMA3 particles

The CMA3 nanozymes were synthesized according to our previously
established protocol [25]. In brief, 0.12 mol/L CuCl,-2H,0, 0.48 mol/L
MgCl,-6H,0 and 0.2 mol/L AlCl;-6H,0 were dissolved in 5 mL ultra-
pure water and mixed with 20 mL NaOH solution (0.4 mol/L). After
40 min of stirring, the dispersion was centrifuged and washed 2 times
(4200 rpm, 10 min). The slurry was redispersed in 20 mL ultrapure wa-
ter, transferred to an autoclave and treated at 100 °C overnight. Finally,
the sample was centrifuged (4200 rpm, 5 min) and the supernatant was
used for further measurements.

2.3. Fabrication of PCL membranes

PCL (12 w/v%) was dissolved in a DCM/DMF (3:2) mixture under
vigorous stirring overnight. A voltage of 10 kV and a flow rate of 2 mL/h
were used for electrospinning to produce the meshes. Electrospinning
was run for 2 h while the distance between the needle and the collector
was set to 12 cm and the collector was rotated at 1100 rpm. The meshes
were then dried overnight.

2.4. Immobilization of CMA3 nanoparticles on the PCL meshes

CMA3 samples (1000 mg/L) were immobilized on PCL meshes using
the electrospray method. Accordingly, the dispersion was sprayed onto
the membrane at 15 kV voltage and a flow rate in the range of 0.625-
10 mL/h. The distance between needle and collector was set to 12 cm
and the collector was rotated at 1100 rpm for 30 min. The meshes con-
taining CMA3 are referred to as PCL/CMA3/x (x = 0.625, 1.25, 2.5, 5
and 10 mL/h).

2.5. Morphological characterization

A Hitachi TM3030 Plus benchtop scanning electron microscope with
an accelerating voltage of 15 kV was used to study the morphologi-
cal properties of PCL membranes and CMA3 modified PCL membranes
(PCL/CMA3). The PCL and PCL/CMA3 meshes were fixed to the sample
holder with a double-sided carbon adhesive tape.

2.6. Scanning electron microscopy coupled energy dispersive X-ray
spectroscopy (SEM-EDX)

The elemental composition was analyzed using a Thermo Fisher Sci-
entific Apreo C SEM operating at a current of 40 nA and an accelerating
voltage of 20 kV.

2.7. Structural characterization

A Bruker Senterra II Raman microscope was used to record Raman
spectra of PCL and modified PCL membranes. The spectra were collected
by using a light source of 532 nm wavelength and 25 mW laser power.
Final data were obtained by averaging 32 spectra with an exposition
time of 4 s. UV-VIS spectra of diffuse reflectance (DRS) were recorded
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Scheme 1. Schematic representation of the preparation and SOD-like activity of the PCL/CMA3 composite developed.

with a SHIMADZU UV-3600i Plus UV-VIS-NIR-DRS spectrophotometer.
The instrument is equipped with PMT, InGaAs, and PBs detectors. The
spectra were measured in 200-450 nm range with 0.1 nm resolution.

X-ray diffractograms were recorded with a Rigaku XRD-Miniflex
II instrument operating with CuKa radiation (¢ = 0.15418 nm). The
diffractograms were recorded in the 260 range of 3-80°, with a scan speed
of 2°/min, using 40 kV accelerating voltage at 30 mA.

2.8. Enzymatic activity test

The enzymatic activity of the samples was determined using the
Fridovich assay [49]. This test can be used to determine the SOD ac-
tivity of the samples. During the reaction of xanthine and xanthine oxi-
dase, superoxide radical ions are formed, which can reduce the NBT dye,
while the reaction mixture turns purple. To test the activity of the immo-
bilized CMA3 samples, 1 cm? circles were cut from the meshes. Then,
20 pL xanthine (3 mM), 50 pL NBT (3 mM), 30 puL xanthine oxidase
(3 g/L) and 240 pL ultrapure water were mixed, while the PCL/CMA3
mesh was immersed in the reaction mixture. The absorbance was mea-
sured (at 565 nm wavelength) before and after 6 min from the start of
the reaction and the differences (AA) were calculated. The SOD-like ac-
tivity was expressed in terms of inhibition of the NBT-superoxide radical
reaction as follows:

AAy — AA
0TS % 100%,
AA,

Inhibition (%) )
where A, is the absorbance without, while A is the absorbance with
the PCL/CMA3 meshes. The absorbance values of the reaction mixtures

were recorded with a Genesys™ 10S UV-VIS spectrophotometer.
3. Results and discussion
3.1. Development of PCL/CMA3 composite fibers

To produce ROS scavenging membranes, a polymer scaffold made
of PCL was first produced by electrospinning. As shown in Fig. 1(a),
the PCL fibers were randomly oriented and the average diameter of the
fibers was determined to be 0.583 + 0.258 pm (Fig. 1(b)). The poly-
mer meshes were then used to immobilize the CMA3 samples on their
surface.

The characterization of CMA3 nanoparticles was reported elsewhere
[25]. Briefly, the MgAI-LDH structure was modified by isomorphous sub-
stitution to partially replace Mg(II) with Cu(II) ions to confer antioxidant
activity to the nanoparticles. The incorporation of the Cu(Il) ions and the
formation of lamellar structure was confirmed with various experimen-
tal techniques. The nanoparticles exhibited remarkable SOD and CAT
activity in standard chemical tests and successfully reduced intracellu-
lar oxidative stress. Therefore, by deposition of the nanoparticles on the
PCL meshes, the development of a highly active antioxidant membrane
was foreseen.

The CMA3 samples were immobilized on PCL meshes by the electro-
spray method, varying the flow rate in the range of 0.625-10 mL/h. The
CMA3 nanoparticles were visible on the surface and formed well-defined
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Table 1
Elemental analysis results (at% means atomic percentage).

Sample Magnesium (at%) Copper (at%)
PCL - 0.01 + 0.00
PCL/CMA3/0.625 0.19 + 0.10 0.02 + 0.01
PCL/CMA3/1.25 0.06 + 0.04 0.02 + 0.00
PCL/CMA3/2.5 0.27 + 0.04 0.02 + 0.01
PCL/CMA3/5 2.26 + 0.58 0.11 + 0.04
PCL/CMA3/10 4.36 + 1.30 0.26 + 0.14

ring-shaped motifs (Figs. 2(a)-(g)). The ring-shaped motifs are related
to the so-called coffee-ring phenomenon. Since PCL is hydrophobic,
the aqueous dispersion of CMA3 was deposited in droplets on the PCL
meshes during the electrospray method (Fig. 2(a)(1)). When a droplet
contains colloidal particles, the evaporation of the solvent can trigger
a capillary flow mechanism. Namely, the solvent evaporating from the
edge is replaced by the flow of solvent carrying the particles to the edge
of the droplet (Fig. 2(a)(2)), forming a coffee-ring-shaped deposition
(Fig. 2(a)(3)) [50,51]. At the highest flow rate (10 mL/h), the speed
is high enough to cause the coalescence of the droplets on the surface,
and the loss of the ring-shaped structure. The schematic representation
of the formation of the coffee-ring structure is shown in Fig. 2(a).

At low flow rates, CMAS3 initially formed slightly elongated rings,
whereas with a further increase (1.25-5 mL/h), the CMA3 rings ex-
hibited a more regular shape, while at 10 mL/h it disappeared and
a more flooded morphology appeared. The diameter of the rings ini-
tially decreased with increasing the flow rate, while above 2.5 mL/h, a
higher ring diameter was measured (see the 5 mL/h data in Fig. 2(e)).
At 10 mL/h, the ring diameter could no longer be determined as the
ring-shaped motifs on the surface disappeared. At higher magnification,
it became visible at the edge of the rings that the CMA3 nanoparticles
formed a spider web-like structure, i.e., the nanozyme samples com-
pletely covered the adjacent PCL fibers (Fig. S1 in the Supplementary
material). It was found that the appearance of the spider web-like mor-
phology was independent of the flow rates, i.e., the morphology at the
edge of the rings was very similar in each case.

Besides, the membranes were subjected to elemental analysis to de-
termine the CMA3 content. The EDX results revealed that the Mg(II) and
Cu(Il) concentrations increased (i.e., more CMA3 was immobilized) at
higher flow rates (Table 1). Note that the Cu(II) level was close to the
detection limit of the instrument, however, the Mg(II) content clearly
demonstrated the presence of CMA3 nanoparticles on the PCL surface.

Results of UV-VIS-DRS measurements also confirmed the immobi-
lization of CMA3 nanoparticles on the PCL membranes. The CMA3
nanozymes showed an intense absorption peak at 223 nm wavelength.
However, at low flow rates (1.25 mL/h and below) an intense absorp-
tion band appeared in the 280-330 nm range (pink shadow in Fig. 3(a))
for the CMA3 modified PCL membranes.

This band is assigned to the charge transfer processes [52] asso-
ciated with the interactions between the polymer membrane and the
CMA3 nanoparticles. The intensity of this band decreases with increas-
ing CMA3 concentration, which is due to the fact that the amount of
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Fig. 1. SEM image (a) and the size distribution (b) of PCL fibers width. The average diameter (d) and the standard deviation (s) are in the inset of (b).
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Fig. 2. Schematic representation of the coffee-ring effect that occurs after electrospraying CMA3 onto PCL membranes (a). Black arrows represent the evaporation,
while red arrows show the capillary flow of the solvent. SEM image of CMA3 modified PCL meshes using 0.625 mL/h (b), 1.25 mL/h (c), 2.5 mL/h (d), 5 mL/h (e)
and 10 mL/h (f) flow rate during preparation. The change in ring diameter as a function of the applied flow rates (g). The yellow arrows on the SEM images label
the CMA3 rings formed after electrospraying the dispersion on the PCL meshes. The scale bars represent 500 pm.

adsorbed CMAS3 particles increases and therefore, more particle aggre-
gates can form on the PCL surface. This has already been confirmed
by the SEM results, where a flooded morphology of the samples ap-
peared at higher flow rates. In line with the decreasing intensity of the
charge transfer band, the peak associated with the absorption band of
CMAS shifted towards the position of the one recorded for the pristine

103

nanoparticles (grey shadow in Fig. 3(a)). This is also consistent with the
above mentioned theory. As the concentration of CMA3 increased and
consequently, the interaction between the nanozymes strengthened, the
band related to the nanoparticles appeared closer to its original posi-
tion. Thus, the location and intensity of these bands clearly confirmed
the immobilization of CMA3 nanoparticles on the PCL surface and also
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Fig. 4. Illustration of the SOD-like activity assessment of the PCL/CMAS3 samples (a) and the NBT-superoxide radical reaction inhibition data determined (b).

give information about the adsorption mechanism of the nanozymes.
The UV-VIS spectra of PCL/CMA3/0.625 and PCL/CMA3/5 are shown
in Fig. S2.

The Raman microscopy results also proved the presence of CMA3
nanoparticles on the PCL mesh (Fig. 3(b)). The Raman band at 550 cm~!
associated with the n(M-O) vibration appeared in the spectra of
PCL/CMA3/10 and PCL/CMA3/5, while no characteristic peak of the
nanozyme appeared in at lower flow rates, i.e., the Raman bands in
these spectra originated from the PCL membrane. The absence of the
band associated with CMAS3 in the range of 0.625-5 mL/h flow rates
can be explained by the low concentration of the nanoparticles present
in the composite samples.

Finally, to investigate the crystal structure of PCL membranes and to
further confirm the presence of CMA3 nanozymes, XRD measurements
were also performed on bare PCL, PCL/CMA3/5 and PCL/CMA3/10
(Fig. S3). The reflections of PCL appeared at 21.8° and 24.0° 26 values in
all three samples, which are related to the (110) and (200) planes of the
orthorhombic crystal phase of PCL [53,54]. The XRD patterns confirm
that immobilization of CMA3 had no effect on the crystal structure of
PCL. However, the characteristic reflection of CMA3 also appeared at
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12.3° 26 value, which is related to the (003) Bragg reflection of the LDH
nanoparticles [25].

3.2. SOD-like activity assessment

The superoxide radical scavenging activity of the CMA3 containing
samples was investigated in the Fridovich assay [49]. In a typical test,
superoxide radicals are formed during the reaction between xanthine
and xanthine oxidase, while they subsequently react with the NBT dye
in the solution leading to color change from yellow to blue. If an enzyme
or a nanozyme that can dismutase superoxide radicals is present, the
reaction between the dye and the radicals is inhibited and hence, no
color change occurs [25,28,55]. The measurements were carried out by
soaking the CMA3 containing membranes in the reaction mixture. The
schematic representation of the reactions taking place during the assay
and the color change are illustrated in Fig. 4(a).

PCL without CMA3 nanoparticles was used as control and the data
in Fig. 4(b) reveals that no significant inhibition occurred in this case.
However, immobilizing the CMA3 nanoparticles imparted SOD-like ac-
tivity to the matrix and a clear correlation was observed between the
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Table 2
Maximal inhibition (%) data of native and immobilized SOD, and the
bare and immobilized CMA3 nanozyme.

Sample Maximal inhibition (%) Reference
SOD 95-100 [28]
dLDHaHtSC 80 [28]
CMA3 90 [25]
PCL/CMA3 80 This work

flow rate and inhibition. Accordingly, increasing the flow rate, i.e.,
higher amount of CMA3 on the PCL surface, gave rise to an increase
in superoxide radical scavenging activity. Immobilizing CMA3 on PCL
with 0.625 mL/h flow rate increased the inhibition by ~50% compared
to the bare PCL mesh. The 1.25 mL/h condition led to a further increase
in inhibition, while above 2.5 mL/h, the activity became nearly constant
(~80%). This trend indicates that the inhibition above 2.5 mL/h is in-
dependent of the CMA3 concentration, so that the reachable maximum
inhibition of the PCL/CMA3 composite sample is ~80%.

For comparison, the maximum inhibition of the native enzyme is
over 90%, while 80% was reported for the immobilized SOD (Table 2)
[28]. The CMA3 nanozyme resulted in a similar maximum inhibition
as the native enzyme, while PCL/CMA3 showed about 80%, which was
slightly lower compared to the free (non-immobilized) CMA3. These re-
sults imply that a slight reduction of the activity occurred upon immo-
bilization of both the native enzyme on an inorganic host material and
the CMA3 nanozyme on the PCL mesh.

It should be noted that the CMA3 nanoparticles possessed CAT activ-
ity in the dispersion phase but lost their ability to decompose hydrogen
peroxide after immobilization on PCL membranes. The loss of CAT ac-
tivity can be explained by the reduced concentration of the nanozyme in
the reaction mixture. For PCL/CMA3/10, the nanozyme content on the
1 cm? PCL membrane is approx. 8 ug, which is too low to detect CAT
activity. Most likely, further increasing the CMA3 concentration dur-
ing preparation or applying a larger area of PCL mesh would increase
CAT activity, but due to the limitation of the enzymatic assay, such tests
could not be performed. Nevertheless, the developed PCL/CMA3 hybrid
materials have great antioxidant potential due to the advanced ability to
scavenge superoxide radicals, but it should be noted that the generated
hydrogen peroxide may hinder its application, e.g., in wound healing
processes. However, further modification with a hydrogen peroxide de-
grading enzyme (e.g., CAT) or nanozyme (e.g., CeO,) may overcome
this limitation.

4. Conclusions

In conclusion, CMA3 was successfully immobilized on prefabricated
PCL membranes by the electrospray method to obtain SOD mimicking
PCL/CMAS3 scaffolds. A systematic variation in the flow rates during
CMAS3 adsorption revealed that they have significant effects on the for-
mation of circle-shaped motives, while no influence on the spider web-
like shape within the circles was observed. The presence of CMA3 in the
composite was further revealed by determining the elemental composi-
tion of the membranes prepared as well as with spectroscopy methods
by assigning the characteristic vibrations to the components. The CMA3
retained its SOD-like activity upon immobilization on PCL. In addition,
its maximal inhibition was close to the native SOD enzyme. Overall, a
CMAS3 functionalized PCL scaffold with efficient superoxide radical scav-
enging activity was developed and it represents a promising candidate
in biomedical and industrial applications, in which the local elimination
of superoxide radicals (and/or other ROS) is crucial, for instance during
wound healing or food packaging.
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