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Biocompatible Cu(i)-doped layered double hydroxide (CMA) nano-
particles were developed to combat reactive oxygen species. The
2-dimensional nanozymes showed both superoxide dismutase- and
catalase-like activities in chemical assays, while proving as efficient
antioxidants in the reduction of intracellular oxidative stress. The
results indicate the great promise of CMA in antioxidant therapies.

Reactive oxygen species (ROS) form in normal physiological
processes and have important roles in redox signalling." However,
increased concentrations of ROS lead to oxidative stress and may
cause serious problems in living organisms.”® Enzymes (e.g.,
superoxide dismutase (SOD) and catalase (CAT)) are the most
efficient defence systems against ROS,* but their supplementation
is complicated due to the presence of inhibitors, high sensitivity
to the environmental conditions (e.g., pH, temperature and light),
and costly extraction, purification and storage.’

The application of nanozymes, ie., nanomaterials of enzyme-
like activity, offers a potential alternative to replace natural enzymes
in biomedical treatments and processes owing to their remarkable
structural and functional stability as well as easy and economic
preparation.® In the past decade, inorganic nanozymes with anti-
oxidant activities have been extensively investigated to combat
ROS.”™ Advantageous properties such as tuneable structure,
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biocompatibility and scalable production have made layered
double hydroxides (LDHs) be a potential base for nanozyme
development.’>"® LDHs can be endowed with antioxidant
activity by incorporating appropriate metal ions into the struc-
ture and hence, manganese-,** ruthenium-'*> and iron-'® con-
taining LDHs show peroxidase mimetic features, while LDHs
modified with astaxanthine'” or cobalt'® possess remarkable
SOD-like activity. On the other hand, copper-doped LDH com-
posites are applied in cancer therapy.'® Although significant
progress has been made in the field, the development of LDH-
based nanozymes of high structural and functional stability is
still challenging. Besides, there is an urgent need for multi-
functional (or broad-spectrum) antioxidant nanozymes, which
are able to decompose different ROS simultaneously and
hence, can be used as radical scavengers in antioxidant thera-
pies. Due to the possibility of incorporation of different metal
ions in their structures, LDH nanoparticles are promising
candidates for such a task.

Herein, the development of a trimetallic 2-dimensional LDH
(CMA) nanoparticle of SOD- and CAT-like activity is reported.
The key step during synthesis was to partially replace Mg(u)
ions with Cu(u) to endow the LDH nanoparticles with ROS
scavenging activity. The structure of the obtained Cu(u)/Mg(u)/
Al(m) LDH was studied using various spectroscopy, light scat-
tering and microscopy techniques, while antioxidant activity
was probed by enzymatic assays and on cell cultures. The CMA
nanomaterials were highly efficient in decomposition of differ-
ent ROS as well as in reduction of oxidative stress.

The details of the synthesis methods are described in the
ESIL{ The stoichiometric metal ion compositions of the sam-
ples were Mg;Al, Cu, Mg, sAl, Cuy Mg, Al and Cuy ¢Mg, 4Al,
denoted as MA, CMA1, CMA2, and CMA3, respectively. First,
the formation of LDHs was confirmed by X-ray diffraction
(XRD) (Fig. 1(A)). The characteristic reflections of the LDH-
type structure appeared;'®*° however, a slight shift in the
position of the (003) reflection was observed. The lattice para-
meters were calculated (see Table S1 in the ESI}). The basal
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Fig. 1 XRD patterns (A), high resolution XPS spectra of the Cu 2p3,, region
(B), FLIM results (C) and Raman spectra (D) of MA, CMAL, CMA2, and CMA3
(from the bottom to the top, respectively). The schematic structures
represent the increase in the ¢ parameter due to the partial replacement
of Mg(n) ions by Cu(i). The inset in (A) shows the (003) reflection in the
range of 10-13°, while the inset in (C) shows the relative amplitude for the
different fluorescence lifetime components. The grey shadow and red
arrow in (D) show the shift of the peak at 463 cm™™.

spacing (d(003)) and the ¢ crystal parameter increased signifi-
cantly for CMA samples compared to MA. The different d(003)
and c values likely resulted from the partial replacement of
Mg(u) ions by Cu(u), because the Jahn-Teller effect and the
higher electronegativity of Cu(u) ions (compared to Mg(u)) can
induce the distortion of the classical LDH structure.”" There-
fore, the incorporation of Cu(u) increased the layer thickness,
leading to larger d and ¢ values.

The hydrodynamic diameters of the LDH particles were
determined in aqueous dispersions by dynamic light scattering
being less than 100 nm in each case. The low polydispersity
indices indicated a relatively narrow distribution of the particle
size (Table S1 and Fig. S1, see ESIt). The zeta potential values
were about +30 mV within the experimental error for all
materials, i.e., the surface charge did not change significantly
by increasing the Cu(u) content in the LDHs (Table S1, ESIY).

The incorporation of Cu(u) ions into the positively charged
layers was further explored by X-ray photoelectron spectroscopy
(XPS). The CMA1, CMA2 and CMA3 surfaces were of similar
chemical compositions and consisted of Mg, Al, C, O, and Cl.
The presence of Cu was only slightly visible on the survey scans,
indicating that only small amounts were incorporated into the
LDH layers (Fig. S2, ESIt). The presence of Cu(u) was visible on
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the high resolution scans of sample CMA1-3 (Fig. 1B). The main
Cu 2p;), line and the accompanying satellite feature could be
fitted with the peaks of the Cu(OH), compound® with a total of
four components. The peaks were merged in the graph, but the
individual binding energies (together with the literature refer-
ence) are indicated in Table S2 (ESIt). An additional peak was
necessary to fit the low (931.75 eV) binding energy region
indicating the presence of Cu(1) in the samples, which is in
good agreement with former studies on Cu(u) containing
LDHs.'>** However, it should be noted that the amount of
Cu(1) was smaller compared to Cu(u). For both Al and Mg, only
one chemical state was identified on the surface of the samples
(Fig. S3, ESIf). Based on the binding energies, 49.4 eV for
Mg-OH and 74.0 for Al-OH,** Mg(u) and Al(ur) were identified
on the surfaces. However, in the case of Al 2p, a large shift in
the binding energies was observed (see Table S3 in the ESIT),
most likely due to the change in the chemical environment
upon incorporation of Cu(u) ions. The elemental composition
of the surfaces was also determined by XPS measurements
(Table S4, ESIt). The content of surface Cu(u) increased with
increasing the Cu(u) amount during the synthesis method.

Fluorescence lifetime measurements (FLIMs) further con-
firm the incorporation of Cu(um) ions in the LDH structure
(Fig. 1C). First, the arrival time distribution of the control
sample (MA) was fitted with a double exponential model using
the n-exponential deconvolution method, resulting in a long
(6.15 ns) and a short (0.59 ns) component. Fitting the arrival
time distributions of samples containing Cu(u) needed a tri-
exponential model. Without fixing any parameters, two compo-
nents were similar to the ones of the MA sample (a long and a
short lifetime one) with a very short (<1 ns) third component.
Based on this, the CMA distributions were refitted with two
components fixed from the results of the MA sample. The fitted
third component was identical for all three CMA samples
(0.1 ns). It is worth noting here that the lifetime of the fitted
third component equals the response time of the FLIM system.
Therefore, one can assume that the real lifetime is even shorter,
albeit it cannot be accurately determined. The fluorescent
signal for LDH particles originates from the surface defects of
the particles;** however, the metal ion ratio also affects the
fluorescence properties of the LDH particles.”> The above-
explained change in fluorescence lifetime upon incorporation
of Cu(u) is due to the different metal ion ratios in the LDH
layers and also to the change in the number and position of
surface defects on the surface of the particles.

Raman spectroscopy measurements were used to further
explore structural aspects (Fig. 1D) of the compounds. The
bands at 549 cm ™' and 463 cm ™ are related to the symmetric
stretching vibrations of Al-O and Mg-O bonds, respectively,
while the blue shift in the position of the latter peak indicates
the partial substitution of Mg(u) by Cu(u) ions.>®

The CAT-like activity of the CMA samples was assessed
through H,0, degradation tests, in which the reaction between
H,0, and ammonium molybdate leads to the formation of a
yellow-coloured complex detected by a spectrophotometer.
Then, the H,0, (%) at different nanozyme concentrations was
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Fig.2 The amount of H,O, remaining after the CAT test reaction
(H20, (%), see eqn (S3), ESIT) as a function of the initial nanozyme
concentration (A) and the inhibition (egn (S4), ESIt) as a function of the
initial nanozyme concentration applied in the SOD assay (B).

calculated (Fig. 2A). A significant decrease was observed in the
remaining amount of H,0, by increasing the nanozyme
concentration, indicating the CAT-like activity of the nano-
zymes. The EC50 values (Table S5, ESIt), i.e., the concentrations
needed to decompose half of the H,0, in the reaction mixture,
are very similar for all nanozymes and comparable to the native
enzyme.”” Thus, the CMA samples can be still considered as
highly active CAT mimics.

To determine the SOD-like activity of the nanozymes, the
Fridovich assay was applied (see details in the ESI{), during
which superoxide radical ions (O, *), generated in the reaction
of xanthine and xanthine oxidase, react with nitro blue tetra-
zolium (NBT) indicator molecules and cause a colour change in
the reaction mixture that can be followed by using a spectro-
photometer. The inhibition (eqn (S4), ESIf) of the NBT-O, *
reaction by the nanozymes was calculated. As shown in Fig. 2B,
the maximum O, °* dismutation and the IC50 values were
within the experimental error for all CMA compounds and
did not show correlation to the amount of Cu(u)/Cu(i) incorpo-
rated (Table S5, ESIt). Similar to the CAT activity, the Cu(u)/
Cu(1) content did not significantly affect the nanozyme activity,
which remained similar for all three systems. While the
obtained data indicate lower activity than the native SOD,””
the nanozymes showed remarkable activity compared to similar
nanomaterials published earlier in the literature.”®*>° To com-
pare the SOD and CAT activity with other systems, the literature
data are collected in Table S6 (ESIt). The MA samples were
inactive in both enzymatic (CAT and SOD) assays (Fig. S4, ESIt);
therefore, the catalytic activity clearly originated from the Cu(u)/
Cu(r) centres in CMA1-3. Note that both Cu(u) and Cu(i) ions
can act as SOD-like active centres, similar to the dismutation
mechanism by the native SOD enzyme. However, based on the
data obtained, one cannot unambiguously decide the extent of
the individual contribution of these ions to the radical scaven-
ging activity.

In addition, preliminary studies with a ROS/superoxide
detection assay were carried out on cell cultures to select the
optimal sample composition and concentration for further
antioxidant activity measurements (Fig. 3A and B and Fig. S5,
ESIt). To detect ROS/O, * scavenging activity, menadione was
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Fig. 3 Intracellular ROS (A) and O, * (B) scavenging assays and CellTiter
Glo assay for the CMA3 sample (C). Apoptosis/necrosis detection assays
for 5 mg L=t CMA3 samples (D). The bar graph shows normalized intensity
of live/apoptotic/necrotic cells (D). Columns labelled CTRL are the nega-
tive control, while MEN and HCl are the positive controls. Changes in
normalized fluorescence values (F/Fp) for untreated and CMA3-treated
cells (E). Inset shows the maximum response for each system. Schematic
representation of the activity of the CMA3 sample against menadione-
induced intracellular ROS (F).

used to produce ROS, whereas ROS and O, * were detected
with green and orange fluorescence dyes, respectively. Based on
the data of these studies, one can conclude that the activity of
the nanozymes was within the experimental error in total ROS
decomposition (Fig. 3A), while the 5 mg L™' CMA3 sample
showed the greatest activity in the intracellular O, * scavenging
assay (Fig. 3B).

The cell viability assessment was first determined for a wide
range of nanoparticle concentrations using the CellTiter-Glo
luminescent cell viability assay, as detailed in the ESL.{ In brief,
the test is based on adenosine triphosphate (ATP) production
by the metabolically active cells, i.e., the healthy cells are the
ATP source for the luciferase reaction and produce a high
luminescence signal. All three samples (Fig. 3C and Fig. S6,
ESIt) showed high cytocompatibility at all applied concentra-
tions. Therefore, based on the above findings, the sample
conditions were chosen as 5 mg L' CMA3 dispersion for
further studies.

More detailed apoptosis/necrosis assays were performed to
visualize the cytocompatibility of CMA3 (Fig. 3D and Fig. S7,
ESIY). HeLa cells were treated with the 5 mg L' CMA3 sample,
after which apoptotic, necrotic, and healthy cells were labelled
with Apopxin Green, 7-AAD and Cytocalcein Violet 450 fluo-
rescent dyes, respectively. Apopxin Green detects the phospha-
tidyl serin moieties transferred to the outer plasma membrane,
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while DNA strands in necrotic cells are detected using 7-AAD.
Only a negligible amount of apoptotic or necrotic cells was seen
in the fluorescence images. Thus, the results confirm the
excellent cytocompatibility of CMA3 in the apoptosis/necrosis
assays. The normalized fluorescence intensity values are shown
in Fig. 3D.

Time-dependent ROS scavenging activity measurements
were performed for a 5 mg L' CMA3 sample (Fig. 3E). Cells
were treated with H2DCFDA, an ROS-sensitive fluorescent dye,
and a 5 mg L' CMA3 sample. Upon menadione exposure to the
cells, the fluorescence intensity increased steeply in the
untreated cells, while a significantly smaller increase was
observed in the treated cells due to the intracellular coexistence
of CMA3, H2DCFDA and ROS. The inset represents the max-
imum responses and indicates that the intracellular ROS
amount decreased by 60% after treatment with 5 mg L'
CMA3. Thus, one can conclude that CMA3 is able to inhibit
the development of ROS-induced oxidative stress (Fig. 3F).

In conclusion, the MA structure was systematically modified
by partially replacing Mg(u) ions with Cu(u) ions, endowing the
nanoparticles with enzyme-like properties. The nanozymes
showed remarkable activity in H,O, and O, * decomposition
in chemical test reactions, which was further revealed under
intracellular conditions. The nanozymes did not show a cyto-
toxic effect on HeLa cells and were able to decrease the
intracellular ROS and O, * concentration significantly. Overall,
the CMA3 sample showed the highest O, * scavenging activity
and could remarkably reduce intracellular oxidative stress.
Thus, CMA3 is a promising antioxidant agent in medical
therapies or other health preserving processes, wherever ROS
decomposition is desired.
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