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ARTICLE INFO ABSTRACT

Keywords: The copper(II) complexes of 1,4,7,10-tetraazacyclododecane (cyclen) and 1,4,8,11- tetraazacyclotetradecane
Superoxide dismutase (cyclam) were covalently immobilized in mesoporous silica aerogels by the sol-gel method using functionalized
Aerogel silica precursors. The modified macrocyclic precursors are characterized by mass spectrometry (MS) and solution
E;CPII:':(H) phase nuclear magnetic resonance (NMR) spectroscopy. The supercritically dried aerogels are characterized
Cyclam using low voltage scanning electron microscopy (LV-SEM), Ng-sorption porosimetry, infrared spectroscopy (FT-

IR), electron paramagnetic resonance spectroscopy (EPR) and contrast variation small angle neutron scattering
(SANS). The suspended aerogel particles act as nanoenzymes, because they have significant SOD activities,
dramatically higher than the corresponding dissolved Cu(Il) complexes. The most important factors responsible
for the altered reactivities due to the covalent immobilization of the complexes were elucidated based on the
compiled results of the characterization methods. These are: i) the formation of new chemical environments and
Cu(Il) coordination modes; ii) the effective separation of the active Cu(II) centers in the aerogels; and iii) the
confinement effect operative in the nanoporous network. As a perspective, the present functionalized aerogel
microparticles can be developed into passive targeting antioxidant pharmaceutical agents administered locally or

subcutaneously.

1. Introduction

Cellular respiration requires molecular oxygen; however, the
incomplete reduction of oxygen leads to the formation of reactive oxy-
gen species (ROS) in biological systems. Antioxidant enzymes such as
superoxide dismutases and glutathione peroxidases keep the concen-
trations of the ROS at controlled low limits. Interestingly, a considerable
amount of the oxygen is metabolized through ROS yielding two primary
products, superoxide anion radical (O3 ) and hydrogen-peroxide (H205)
[1]. Superoxide dismutase enzymes (SODs) assist the decomposition
reaction of superoxide anion radical to molecular oxygen and hydrogen
peroxide [2]. SODs are classified on the basis of the transition metal ion
found in the active center, such as Cu/Zn-, Mn-, Fe- and Ni-SOD [3].
Indeed, these metal ions facilitate the disproportionation of superoxide
anion by cycling between the reduced and oxidized states of the metal

* Corresponding authors.

ion. The absence of SODs or the high ROS concentration leads to the
damage of biomolecules and causes oxidative stress and inflammatory
diseases [3-5]. Moreover, elevated ROS concentration can play a sig-
nificant role in human cancer development due to the inactivation of
tumor suppressor genes [6]. Since the direct utilization of native SODs as
therapeutic agents is not feasible due to their low solution stability and
membrane permeability, significant effort has been made to develop
efficient SOD mimicking ROS scavenging systems [7-9]. These mimics
usually contain a redox active metal ion in an appropriate coordination
environment, or intrinsic radicals that effectively catalyze the decom-
position of superoxide anion [10]. Moreover, a promising strategy to
improve the recyclability and the stability of the SOD mimics is their
immobilization in solid supports [11-13]. As an example, the copper(II)
bishistamine complex was immobilized in layered double hydroxide
nanoclays containing poly(vinylpyridine-b-methacrylic acid). This
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nanocomposite exhibited an SOD activity significantly higher than the
dissolved complex, because the immobilization altered the coordination
geometry of Cu(Il) leading to a more active species [14]. Similar findings
were reported for the immobilization of bridged Cu(Il), Zn(II) dieth-
ylenetriamine complexes [15].

Mesoporous silica materials have high apparent surface areas, highly
permeable pore networks and good mechanical and chemical stabilities
that make them ideal catalyst supports. The catalytic reactions take
place in confinement inside the nanosized pores, where the effective
frequency of reactive collisions is relatively high. Indeed, phenanthro-
line based hydroxo-bridged dinuclear Cu(II) complexes, [(phen),;Cu-
(ﬂ—OH)—Cu(phen)2]3+, immobilized in mesoporous silica effectively
mimic catechol oxidase activity via the oxidation of 3,5-di-tert-butylca-
techol to the corresponding quinone derivative [16]. An imidazolato-
bridged  Cu(ID)-diethylene-triamino-u-imidazolato-Zn(II)-tris-(amino-
ethyl)amine complex was prepared as a functional model of the CuZn-
SOD enzyme. The heterodinuclear complex was covalently immobilized
in a mesoporous silica support, which is proposed to act as the skeleton
of the protein framework, while the Cu(Il) center mimics the active site
of the enzyme. This composite nanosystem is very stable in aqueous
medium and shows persistent SOD activity [17].

In the quest for developing functional antioxidant nanosystems, we
have covalently conjugated the copper(II) complexes of 1,4,7,10-tetraa-
zacyclododecane (cyclen) and 1,4,8,11-tetraazacyclotetradecane
(cyclam) into mesoporous silica aerogels in this study. These com-
plexes have already been studied as neuroprotective and radio-
theranostic agents [18,19]. Specifically, the cyclen and cyclam
macrocycles were chosen to ensure the high thermodynamic stability
and the kinetic inertness of the coordination of Cu(II), which is essential
in biological systems where competitive ligands are abundant in the
form amino acids, peptides, proteins and other biomolecules. These are
usually present in higher concentrations than the biologically active
complexes and can remove the majority of Cu(Il) in ligand exchange
reactions. Such inactivation of complexes containing open-chain ligands
that favor ligand exchange reactions is often observed during in vitro cell
viability and cell proliferation experiments. The half-lives of the disso-
ciations are 0.87 days for [Cu(II)-cyclen]ZJr in 2 M HCIO4 at 25 °C and
2.7 days for [Cu(II)—cyclam]2+ in 1 M HCl at 30 °C, respectively [20,21].
Consequently, they are ideal candidates as potential redox active anti-
oxidant systems. The chemical structures of the macrocyclic precursors
yielding the active centers in the final aerogels were characterized by
several spectroscopic methods. The functionalized aerogels were char-
acterized in their dry states, and after suspending them in aqueous
media. The superoxide dismutase activities of these microparticles were
studied using the xanthine / xanthine oxidase / nitro blue tetrazolium
chloride (NBT) assay. The SOD activities of the functionalized aerogel
microparticles were contrasted to those of the corresponding aqueous
Cu(II) complexes in order to understand the most important structural
features affecting the reactivities of the nanosystems.

Giving the explanation for the effects of the selected covalent
immobilization strategies on the reactivities of the two macrocyclic Cu
(ID) complexes is an additional level of complexity, which is included in
the present study.

2. Experimental Section
2.1. Chemicals

Tetramethyl orthosilicate (TMOS), 1,4,7,10-tetraazacyclododecane
(cyclen), 1,4,8,11- tetraazacyclotetradecane (cyclam), (3-glycidoxy-
propyl)-trimethoxysilane (GPTMS), (3-chloropropyl)-trimethoxysilane
(CPTMS), N,N-diisopropyl-ethylamine (DIPEA), and Cu(Il) nitrate were
purchased from Sigma-Aldrich (Budapest, Hungary). Methanol, aceto-
nitrile and acetone were purchased from Molar Chemicals 1td. (Buda-
pest, Hungary). Ammonium carbonate, ammonium acetate and nitric
acid (65 %) were purchased from Merck (Budapest, Hungary). The
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aqueous solutions were prepared with doubly deionized and ultra-
filtered water (ELGA PurelLab classic system). Argon gas cylinders
(99.996 %) and carbon dioxide cylinders (Biogon-C, 99.5 %) equipped
with a dip tube were purchased from Linde Gaz Magyarorszag Zrt.
(Debrecen, Hungary). All liquid chemicals (HNOs, H,O5, HF) that were
used for the dissolution of samples preceding ICP-OES measurements,
were ACS reagent grade from Sigma-Aldrich. The standard solutions
used for the calibration of the ICP-OES were obtained from Scharlau
(Barcelona, Spain). Xanthine, xanthine oxidase (0.5 U/mg) and nitro
blue tetrazolium chloride (NBT) were purchased from Sigma-Aldrich
(Budapest, Hungary).

2.2. Synthesis of functionalized silica aerogels

Copper(II)-cyclen and Cu(Il)-cyclam functionalized silica aerogels
were prepared using the base catalyzed sol-gel synthesis method
adopted from the literature [22,23]. The choice of the ligands limited
the synthetic options for immobilization. Unfortunately, the same
linkers could not be used for the immobilization of both complexes. In
both cases, the synthesis was carried out under inert gas (Ar) atmosphere
in order to avoid the reaction of the cyclen and cyclam moieties with
COs in air. The complexation of Cu(Il) could be achieved in good yields
only in the solution phase using the as-prepared macrocyclic precursors.

The synthesis procedures and the chemical structures of the Cu(Il)-
cyclen and Cu(Il)-cyclam functionalized aerogels (CuClen-AG and
CuClam-AG, respectively) are discussed in details in Section 3.1. A
schematic showing the synthesis steps is also given in that section. The
characterization of the synthetic precursors is detailed in the Supporting
Information.

2.2.1. Synthesis of Cu(Il)-cyclen functionalized aerogel (CuClen-AG)

A mixture of 32 ml (1778 mmol) water and 63.5 ml (1088 mmol)
ethanol was added to a two-neck flask, which was flushed with Ar gas
before the reaction. 802 mg (4.65 mmol) cyclen was dissolved in the
flask, 4.0 ml GPTMS (18.1 mmol) was added to the solution, and the
mixture was stirred for 30 min at room temperature. The functionalized
silica-precursor formed in the reaction between cyclen and GPTMS. This
precursor was characterized by NMR and MS techniques in the solution
phase, as detailed in the Supporting Information (Figs. S1-S5). After-
wards, 1.12 g Cu(NOs3)2-3H20 (4.63 mmol) was dissolved in 20.0 ml
(1111 mmol) of water. The Cu(NO3), solution was added to the reaction
mixture. Due to complex formation, the color of the solution changed
from colorless to dark blue.

The silica gel was prepared by adding 15.2 ml (102.9 mmol) TMOS to
the system, followed by the addition of 382 mg (3.97 mmol) of ammo-
nium carbonate as a catalyst dissolved in 4.0 ml (222 mmol) water. The
mixture was poured immediately into a plastic mold. Gelation took place
within a few minutes. The alcogel was kept in the sealed mold for 5 days.
The aged gels were placed into methanol for 24 h. Subsequently, a multi-
step solvent exchange was performed, as follows. Methanol was replaced
to a mixture of methanol-acetone 2:1, methanol-acetone 1:1, and finally
to pure acetone. Before the supercritical drying, the gel was soaked in
freshly distilled acetone for three days to remove residual water. Drying
was performed in a pumpless drying system using supercritical CO;
according to a previously published protocol [23,24].

2.2.2. Synthesis of Cu(ID-cyclam functionalized aerogel (CuClam-AG)

In a two-necked flask 906 mg (4.43 mmol) cyclam was dissolved in
63 ml (1205 mmol) acetonitrile. Afterward, 5.0 ml (28.0 mmol) DIPEA
and 0.83 ml (4.55 mmol) CPTMS was added to the mixture. The solution
was refluxed for 24 h under Ar gas atmosphere. After 24 h, the mixture
was evaporated to dryness. The as-prepared solid was dissolved in 20.0
ml (492 mmol) methanol. 995 mg (5.30 mmol) of Cu(NOg3), was dis-
solved in the mixture of 12.8 ml (711 mmol) of water and 10.0 ml (246
mmol) of methanol. The precursor was characterized by NMR and MS
techniques in the solution phase, as detailed in the Supporting
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Information (Figs. S6-S11). When the Cu(NOs), solution was added, a
dark purple solution was obtained.

The precursor complex obtained in the previous step was mixed with
15.2 ml (101.6 mmol) of TMOS, 60.0 ml methanol (1476 mmol) and 6.0
ml saturated ammonium acetate solution (0.66 g, 8.56 mmol). The
resulting solution was immediately poured into a plastic mold, where
gelation took place in a few minutes. The dark purple colored alcogel
was aged for 24 h in the mold, then placed into methanol. Subsequently,
a multi-step solvent exchange and the supercritical drying was per-
formed using exactly the same protocol as in the case of the Cu(Il)-cyclen
aerogel.

2.3. Aerogel characterization

2.3.1. Conventional techniques

Scanning electron microscopy (SEM) images were taken in a Ther-
moFisher Scientific Scios 2 instrument. The electron beam resolution is
1.6 nm at the optimum working distance (<5 mm) at 1 keV accelerating
voltage due to the in-lens trinity detection system. Low voltage scanning
electron microscopy (LV-SEM) was applied to image the aerogel samples
in their pristine states without applying conductive coating to avoid any
morphological artefacts. The samples were fixed with a vacuum-
resistant carbon tape.

Nitrogen adsorption-desorption porosimetry was performed in a
Quantachrome Nova 2200e instrument. Before the measurements, the
samples were degassed under vacuum at 80 °C for 24 h. Specific surface
area was calculated from the adsorption curve using the BET method.
Pore size distribution was calculated from the desorption curve using the
BJH method.

The infrared spectra (FT-IR) of the aerogels were measured with a
Perkin Elmer Spectrum Two Spectrometer using a universal ATR head
(Single Reflection Diamond - L1600607). The IR spectra of the samples
were recorded in the range of 450-4000 cm ™! at 55-95 % transmittance.

2.3.2. Copper content of aerogels by ICP-OES

In order to solubilize the copper content of the aerogels, different
digestion experiments were performed. In the first experiment, 4.00 ml
of 65 % HNO3 and 1.00 ml of 30 % H,05 solutions were added to 10.0
mg powdered aerogel and heated in a high-power microwave system
(Milestone EHTOS UP) to 200 °C in 15 min, and kept at high tempera-
ture for another 15 min. In the second experiment, an additional 1.00 ml
of 40 % HF was added to the above described digesting solution. After
microwave heating, 1.00 ml of 45 g/L boric acid solution was added to
this sample and heated again. The digested samples were brought to
25.0 ml final volume by ultrapure water. In the first experiment, the
silica residues were removed by centrifugation. In the second experi-
ment, the aerogels were completely solubilized.

The copper concentrations of the solutions were measured by ICP-
OES using an Agilent 5100 SVDV spectrometer. Five-point matrix
fitted calibration was applied, diluted from 1000 mg/L certified copper
standard solution. Emission intensity was measured at 327.395 nm.
Measuring parameters were as follows: read time: 5 s; uptake delay: 15s;
rinse time: 30 s; stabilization time: 10 s, viewing height: 8 mm, the
nebulizer gas flow rate: 0.70 L/min, plasma gas flow rate: 12.0 L/min.
SVDV viewing mode was applied. The concentrations of at least 3 par-
allel samples were averaged.

2.3.3. Hydrolytic stability of the functionalized aerogels

The possibility of the liberation of Cu(Il)-species from the function-
alized aerogels was tested by mixing the aerogels with appropriate
buffers in the pH range between 4.05 and 9.85. The aerogel concen-
tration of the suspensions was 1 mg/mL. The experiments were carried
out at 25 °C and 37 °C, and the samples were agitated with a magnetic
stirrer for a maximum of 8 h. The samples were centrifuged for 20 min at
4700 rpm (VWR MEGASTAR 1.6 R), the supernatant was separated from
the pellet, and the copper contents were analyzed using ICP-OES. In
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those cases where the copper content of the supernatant was not zero,
UV-vis spectra were recorded in a Cary-60 (Agilent Technologies) in-
strument. These UV-vis spectra were contrasted to those of aqueous Cu
(I, [Cu(I-cyclen]®" and [Cu(ID-cyclam]?*.

2.3.4. Small angle neutron scattering (SANS)

The experiments were performed on the Yellow Submarine SANS
instrument at the Budapest Neutron Center (BNC), as described in pre-
vious publications [25,26]. The aerogels were measured in their pristine
states, and subsequently, filled with a 66 (V/V)% H20 — 34 (V/V)% D20
mixture for varying the contrast, as discussed later.

The momentum transfer (Q) is defined by the following equation:

0= - sin 3 1
A is the wavelength of the monochromatic neutron beam and 6 is the
scattering angle. The Q range of 0.0055-0.4000 A~! was covered. The
recorded scattering intensity was corrected for sample transmission,
empty cell scattering, detector sensitivity and background scattering.
The Beaucage model was used for fitting the corrected intensity versus
scattering vector (I(Q)) curves. The 2-level Beaucage model covers the
whole experimental Q range [27,28]

P1
2 p2 2 p2 ok \1°
1(Q) = G,exp(—Q§g1> +B|exp<— Q§g2> [erf(é/g >]

P2

) e

2R2
+ Gzexp< 2 3 £2) 4 Byexp

Here, Ry and Ry are mean gyration radii, p; and p, are the power
exponents at the different structural levels, while G;, G and By, B; are
treated as adjustable scaling parameters, and C is the incoherent scat-
tering treated as the background. The Ry parameter is representative for
the mean pore size in the case of mesoporous and macroporous silica
aerogels. When the general pore geometry is approximately cylindrical,
the mean pore size (dpore) can be calculated from R; as follows [27,28]

12
dpore = zrpure >~ 2 7Rg (3)
Data fitting was performed using the non-linear Levenberg-Mar-
quardt least-squares algorithm in the SasView 5.0.3 open source,

collaboratively developed software.

2.3.5. Size distribution and Zeta potential of aerogel particles

The dry aerogel samples were wet ground in the appropriate aqueous
media using a Potter-Elvehjem tissue grinder for 5 min. The resulting
suspension was sonicated (ARGO LAB DU-32) for 15 min and then
stirred for 20 min at 300 rpm using a magnetic stirrer and a 1.0 cm
Teflon-coated rod. This ensures the highly reproducible production of
aerogel suspensions that do not settle or aggregate in the time scale of
the experiments.

The size distribution of the hydrated aerogel microparticles was
measured using a microscope hemocytometer. Images were taken from
Cagel = 0.5 mg/ mL suspensions with a 1.3 MP microscope camera, and
the size distribution of the aerogel particles was determined using the
ImageJ software for analysis.

The Zeta potential values of the particles were measured between pH
= 3.0 and 9.0 (cagel = 1.0 mg/ mL). The pH of the suspensions was
adjusted by adding diluted HCl or NaOH solutions. No background
electrolyte was used. The measurements were performed in a MALVERN
Zetasizer Nano ZS instrument using the automatic instrument setup and
alignment option. All calculations were performed by the instrument



N. Lihi et al.
controlling software.

2.3.6. Electron paramagnetic resonance (EPR) spectroscopy

The EPR spectra of the functionalized aerogels and the correspond-
ing hydrated complexes were recorded as described in a previous pub-
lication [25]. The aerogels were investigated in their dry states and in
aqueous suspensions. For the frozen solution measurements, 0.2 ml

NG HN
[ j Cyclen
NH  HN
_/
N GPTMS
- OO\/%'\/\/O\/A

jAO/V\SI/O\
NG N

Precursor 1 [ j
.

O.
e HO
]

Cu(NO;),
(dissolved)
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sample was mixed with 0.05 ml MeOH in a quartz EPR tube and cooled
to 77 K. The dry samples were investigated at room temperature.
X-band CW-EPR spectra were recorded with a BRUKER EleXsys E500
spectrometer. The acquisition parameters were as follows: microwave
frequency 9.4 GHz, microwave power 13 mW, modulation amplitude 5
G, modulation frequency 100 kHz. The recorded spectra were corrected
by the baseline measured in an identical way and simulated using a

o)
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NH HN
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Scheme 1. The preparation steps and the chemical structures of the synthetic precursors, and the Cu(II)-cyclen and Cu(Il)-cyclam functionalized aerogels (CuClen-
AG and CuClam-AG, respectively). The combined MS and NMR 'H NMR, H-'H COSY, H-'H TOCSY and (IH,13C)-HSQC] characterization of the synthetic pre-
cursors is detailed in the Supporting Information. The coordination modes of Cu(Il) in the functionalized aerogels were studied by EPR as detailed in Section 3.8. In
the case of CuClen-AG, the macrocycle is attached to the silica backbone via two linkers in trans position. In the case of the CuClam-AG, the majority of the
macrocycle is attached via two linkers in the form of the two cis position isomers. A minor portion of the cyclam macrocycle can be present in attachment via

one linker.
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dedicated EPR program [29]. The axial g-tensor (g and g,) and the
copper hyperfine A-tensor (A and A) were used for simulating the
components. The super-hyperfine coupling of the coordinated nitrogen
atoms is not resolved in the spectra, but they have a significant line
broadening effect. Therefore, the couplings of 4 equivalent isotropic
nitrogen atoms were taken into account for simulating the spectra. The
linewidths were fitted using axial linewidth parameters (w|}, ®_). The
spectra were calculated as the sum of the spectra of the 53Cu and %°Cu
weighted by their natural abundances.

2.4. SOD activity measurements

The dismutation reaction of the superoxide anion catalyzed by the
functionalized aerogel microparticles or the corresponding dissolved Cu
(II) complexes was quantitatively studied using the xanthine / xanthine
oxidase / NBT assay. In this reaction system, the oxidation of xanthine to
uric acid by xanthine oxidase produces the superoxide anion radical
(0%). The radical in situ reduces the nitro blue tetrazolium chloride
(NBT) detector molecule into diformazan. The formation of diformazan
is followed by UV-vis spectrophotometry at 560 nm with high sensi-
tivity. The addition of an SOD mimic to this reaction system lowers the
steady-state concentration of superoxide decreasing the rate of the for-
mation of diformazan.

The assay was carried out in phosphate buffer (pH = 6.45 and 7.60; ¢
= 0.05 M) containing 45 pM NBT and 200 pM xanthine at 25 and 37 °C.
At pH 6.45, the SOD activity measurements were carried out only at
37 °C, since the rate of the superoxide production i.e., the formation of
diformazan is relatively slow at 25 °C. The reaction was initiated by
adding an appropriate amount of xanthine oxidase to set a ca. 0.020
min~! rate of absorbance increases at 560 nm. First, the reaction was
monitored in a control sample without the addition of any SOD mimic.
In the test samples, the reaction was started, let to run for 4.0 min, then
the SOD mimic was added, and the system was monitored further for 4.0
min. The original and the altered rates of the absorbance increase were
estimated by fitting the appropriate parts of the kinetic curves with
linear (zeroth order rate) functions. The calculations for estimating the
inhibition parameters were performed using the conventional method
reported in the literature [30,31]. The SOD activities of the aerogels and
the complexes are expressed in molar copper-concentration equivalent
ICsp values [32].

3. Results and discussion
3.1. Chemical structures of aerogels

The synthetic steps yielding the macrocyclic precursors and the final
functionalized aerogels are shown in Scheme 1. The chemical structures
of the synthetic precursors were determined experimentally. Following
the attachment of the GPTMS based arms to cyclen and the CPTMS based
arms to cyclam, the synthetic precursors were isolated, re-dissolved in
the appropriate solvents and characterized by NMR ['H NMR, 'H-'H
COSY, 'H-'H TOCSY and (*H,'3C)-HSQC] and MS techniques in the
solution phase. The detailed results are given in the Supporting Infor-
mation. As a summary, the reaction of cyclen with excess GPTMS results
in the formation of a single product, where two GPTMS based arms are
attached to the N-atoms of the cycle in trans position. Neither the for-
mation of the cis product, nor the variation of the number of the side
arms was detected in any of the MS and the NMR spectra. The reaction of
cyclam with a quasi-stoichiometric amount of CPTMS yields multiple
products. According to the compiled results of the MS and the 2D NMR
experiments, the majority of the products contain two CPTMS based
arms attached to cyclam. Interestingly, the two arms are not attached to
the N-atoms in trans position. Only the cis isomers were detected,
however, their proportions could not be quantified. Additionally, the
formation of minor isomeric products with a single CPTMS based arm
cannot be ruled out.
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The incorporation of Cu(II) could be realized with high yield only in
this stage of the synthesis procedures using the dissolved macrocyclic
precursors. Therefore, the as-prepared solid aerogels already contained
Cu(Il), which prevented their structural analysis by solid-state NMR
spectroscopy. However, the coordination modes of Cu(Il) in the func-
tionalized aerogels were elucidated using EPR spectroscopy, and the
extracted spin-Hamiltonian parameters unambiguously confirm that the
Cu(Il) ions are accommodated by the macrocyclic cavities in both aer-
ogels. The complete EPR study is detailed later in Section 3.8.

Based on the compiled results of the characterization of the synthetic
precursors and the pristine aerogels, the chemical structures of the
functionalized aerogels are as follows. In the case of CuClen-AG, the
macrocycle is attached to the silica aerogel backbone via two linkers
bound to the N-atoms in trans position. In the case of the CuClam-AG, the
majority of the macrocycle is also attached via two linkers, but in the
form of the two cis position isomers. A minor portion of the cyclam
macrocycle can be present in attachment via one linker, again in the
form of isomers. These considerations are reflected in the depicted
structures in Scheme 1. The presence of the linkers can alter the re-
activities of the immobilized Cu(Il)-complexes compared to the dis-
solved ones, which is discussed in details in Section 3.10.

3.2. Morphology of aerogels

Representative SEM images of CuClen-AG and CuClam-AG are shown
in Fig. 1. The studied aerogels are built from primary nanoparticles of
spherical shape. These nanoparticles interconnect and form a solid
backbone, which defines an open porous network. This architecture is
characteristic for silica aerogels [26,33]. The pore sizes are mainly in the
mesopore range, but visible macropores are present in both aerogel
structures. In the case of the CuClen-AG, the primary nanoparticles are
larger and the number of macropores is higher, while the surface of
CuClam-AG is coarser. The morphological differences are due to the
application of different base catalysts in the sol-gel synthesis of the
aerogels (i.e. CuClen-AG: ammonium carbonate; CuClam-AG: ammo-
nium acetate). Basicity determines the rates of the hydrolysis and
polycondensation reactions that in turn determine the final size distri-
bution of the primary nanoparticles and the fractal structures of the
silica backbones [34].

Representative Ny adsorption—desorption isotherms are shown in
Fig. 2A. For both aerogels, the isotherms are classified as IUPAC type IV
with H3 hysteresis loops. This is characteristic for such mesoporous
materials that also display a low fraction of macropores [35]. The dif-
ference between adsorption and desorption isotherms around p/po = 0.3
indicates minor microporosity, and the sharp elevation of the adsorption
isotherm at p/po > 0.9 is characteristic for the presence of macropores in
both aerogels [35].

The estimated structural parameters are listed in Table 1, and the
pore size distribution curves are shown in Fig. 2B. Based on the SEM
images and the Na-sorption data, CuClam-AG is a typical mesoporous
silica aerogel with a high specific surface area and an open pore
network. The porosity, the apparent surface area and the cumulative
pore volume of CuClen-AG are significantly lower than those of CuClam-
AG. The wide pore size distribution is indicative for the presence of
macropores in CuClen-AG. The morphological differences revealed by
the Na-sorption data are well-related to the application of the different
base catalysts in the sol-gel procedures, as discussed above [34].

3.3. Small angle neutron scattering (SANS)

The experimental scattering curves together with the results of the
non-linear fitting are shown in Fig. 3. The Beaucage model (eq. (2)) was
adequate for fitting the data in the whole Q range for the pristine aer-
ogels. The neutron scattering length density (SLD) of amorphous silica
(1.96 x 107 A~2) is matched by a 66 (V/V)% Hx0 — 34 (V/V)% D20 (64
wt% Hp0 — 36 wt% D20) mixture. The pores of the aerogels were
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Fig. 1. Low voltage scanning electron microscopy (LV-SEM) images of pristine CuClen-AG (A) and CuClam-AG (B) in 35 k x magnification (scale bar: 1 pm).
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Fig. 2. Panel A: Nitrogen adsorption-desorption isotherms of CuClen-AG (red) and CuClam-AG (blue) aerogels. Panel B: Pore size distributions calculated using the
BJH method. The estimated structural parameters are listed in Table 1. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

completely filled with this fluid in order to shift the contrast, as detailed
previously [26,36]. The corresponding SANS curves show practically no
specific scattering, which is due to the matching of the backbone. These
curves were fitted with an empirical single power-law function that

Table 1
Structural parameters of CuClen-AG and CuClam-AG estimated by the BET and
the BJH methods from the N5 adsorption-desorption porosimetry data in Fig. 2.

CuClen-AG CuClam-AG yields a single p value [37]. The estimated structural parameters for the
Specific surface area (m%/g) 464 + 33 874 + 69 pristine and filled aerogels are listed in Table 2.
C-constant . 35+2 67 £5 For hierarchical systems, the scattering of multiple structural levels
Pore volume (cm” g ) 1.7£01 3.9+04 can appear in the different regions of the experimental Q range. In the
Mean pore size (nm) 45 + 2 43 +£3 L. .
case of the pristine aerogels, two structural levels are reflected in the
SANS curves. The first level in the low Q range corresponds to the larger
1024 e Dry CuClen-AG 10?5 o Dry CuClam-AG
Filled with 34% D,O o e Filled with 34% D,0
101_ 101‘. ﬁ\“‘% 3
5 3 N
g o 1 00 4 S 4
8104 s
) S 10" E
-~ 1 0_1 i -~ o\\
1074 b 3
2 B \
10° T T T T =
0.01 0.1 0.01 0.1
QAT QA7)

Fig. 3. Small angle neutron scattering (SANS) curves of CuClen-AG (A) and CuClam-AG (B) samples; first measured in their pristine sates (Dry) and later filled with
66(V/V)% H,0 — 34(V/V)% D,0 mixture (Filled). Markers: experimental data; continuous lines: non-linear fitting, as detailed in the text. The calculated parameters
are listed in Table 2.
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Table 2

Structural parameters estimated by fitting the SANS curves of the different
CuClen-AG and CuClam-AG samples in Fig. 3 with the Beaucage or the power-
law models.

Beaucage model Power-
law
model

R§1 d pore J4 R;gz da pore P2 p

@A) (nm)” (9] (nm)*

Pristine 368 96 3.7+ 85 22 3.48
CuClen- + 96 0.3 +4 +
AG 0.02

Filled 1.94 +
CuClen- 0.01
AG

Pristine 344 920 2.79 55 15 3.77
CuClam- +15 + +5 +
AG 0.04 0.08

Filled 219 +
CuClam- 0.01
AG

# Calculated from the R, values using eq. (3).

elements in the micrometre scale. The second level in the middle and
low Q ranges corresponds to the nanostructures of the aerogels [27]. The
applied Beaucage model is able to describe such structures consisting of
multiple hierarchical elements. In eq. (2), Rg1 and Ry are related to the
mean macropore and mesopore sizes, respectively. The mean mesopore
size of CuClen-AG is 22 nm and that of CuClam-AG is 15 nm. These
values are in reasonable agreement with the pore sizes calculated from
the Njy-desorption isotherms. The average macropore size is 96 nm for
CuClen-AG and 90 nm for CuClam-AG. Parameter p; is characteristic for
the microstructure of the aerogel, while p, reflects the fractal structure
of the network of the primary nanoparticles forming the aerogel back-
bone [38]. The p, values of 3.5 (CuClen-AG) and 3.8 (CuClam-AG) are
characteristic for surface fractals. This is in agreement with the main
structural feature of the aerogels, i.e., spherical nanoparticles forming a
mixed mesoporous and macroporous nanoscale network. The p; value is
3.7 for CuClen-AG, which is characteristic for surface fractals and re-
flects the presence of a number of large macropores with rough surfaces.
The p; value for CuClam-AG is 2.8, which is characteristic for mass
fractals indicating a coarse but homogeneously porous microstructure.
These results are in good agreement with the SEM and the Na-sorption
data.

Considering that the contrast of the silica backbones of both of the
functionalized aerogels can be matched by the appropriate HoO — D,O
mixture points out that the immobilized Cu(II)-complexes do not form
nanosized clusters in the aerogel backbones. If there were nanosized
structural elements enriched in Cu(Il), a marked specific scattering were
expected from the Cu(II)-clusters even in the case of an appropriate
contrast match for silica. Due to the absence of specific scattering, the
contrast variation SANS suggests that both the immobilized Cu(I)-
cyclen and Cu(Il)-cyclam complexes are dispersed homogeneously in
the backbones of the aerogels. This is further verified by the EPR results,
as discussed later.

3.4. Infrared spectroscopy (IR)

The FT-IR spectra of the aerogels confirm their successful function-
alization (Fig. 4). The IR spectrum of a pristine silica aerogel is also
shown as reference. The intensive broad band visible in all spectra at
around 1050 cm ™! is of the Si-O-Si antisymmetric stretching vibration,
which is typical for silica aerogels [23]. Two weak bands are present
between 2870 and 2950 cm ™! in the spectra of the functionalized aer-
ogels that are absent in the case of the pristine silica aerogel. These peaks
are characteristic for aliphatic C—H stretching vibrations and originate
from the macrocyclic moieties, which proves the successful
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Fig. 4. Infrared spectra (FT-IR) of the pristine CuClen-AG (red), CuClam-AG
(blue) and silica (grey) aerogels. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

functionalization of the aerogels with the Cu(Il) complexes.

3.5. Copper content of aerogels

The results of the ICP-OES analysis of the functionalized aerogels
using different digestions are detailed in Table 3. The two aggressive
chemical digestions provided similar results. All immobilized copper
was liberated from the functionalized aerogels, even when the silica was
not completely solubilized. The copper content of CuClen-AG is around
1.56(m/m)% and that of CuClam-AG is around 1.10 %. These copper
contents were used in the calculations in the SOD activity measurements
(vide infra).

3.6. Hydrolytic stability of the complexes

No leaching of copper was detected from the functionalized aerogels
at basic and neutral pH in 8 h at 37 °C. In slightly acidic buffers, copper
was detected in the supernatants by ICP-OES. A maximum of 11 % of the
copper content of CuClen-AG and a maximum of 26 % of that of CuClam-
AG was released at pH = 4.0 in 8 h at 37 °C, as shown in Fig. S12 in the
Supporting Information. No further leaching was detected in longer
time. The corresponding UV-vis spectra of the supernatants (Fig. S13 in
the Supporting Information) clearly show that the liberated Cu(II) spe-
cies are the respective macrocyclic complexes in both cases, and not free
(aqueous) Cu(Il). Thus, the hydrolytic stability of the complexes are
sufficiently high, but the amorphous silica backbone can hydrolyze to a
small extent in acidic solutions that can result in the detachment of the
side arms of the macrocyclic complexes leading to their dissolution.

3.7. Zeta potential and particle size distribution

The Zeta potentials of the functionalized aerogels are shown in
Fig. 5A as a function of pH. The Zeta potential of the aerogel particles is
positive in acidic media, it is close to zero at around neutral pH and
negative under alkaline conditions. The Zeta potential of CuClen-AG is
slightly higher than that of CuClam-AG in the whole pH range, which is

Table 3
The copper contents of the functionalized aerogels determined using different
digestion reactions and subsequent ICP-OES analysis.

CuClen- CuClam- CuClen- CuClam-
AG AG AG AG
Digestion conditions HNO3 + H30, HNO;3; + Hy0, + HF
copper content (m/m 1.53 1.07 1.59 1.13
%) +0.01 +0.03 +0.03 +0.05
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Fig. 5. Panel A: The Zeta potentials of the hydrated CuClen-AG (red) and CuClam-AG (blue) microparticles as a function of pH. Panel B: Size distribution of the
hydrated aerogel microparticles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

due to the higher concentration of the immobilized positively charged
Cu(Il) complexes in CuClen-AG as seen in Table 3. Both aerogels lack
functional groups that can lose hydrogen ions at higher pH. Therefore,
the negative Zeta potential under alkaline conditions is attributed to the
specific sorption of anions on the surface of the particles. Naturally, the
specific sorption of anions is facilitated by the large number of positively
charged functional groups in the aerogels.

Amorphous silica aerogels tend to spontaneously erode in aqueous
media and form stable suspensions of microparticles, as discussed in
details in previous publications [33,39]. The present functionalized
aerogels erode in a manner that is very similar to the properties of the
previously investigated silica aerogels. The size distributions of the
stable CuClen-AG and CuClam-AG microparticles are shown in Fig. 5B.
The distribution curves are wide with mean sizes of ca. 16 um for both
aerogels, which is typical for non-heat-treated silicas.

3.8. EPR spectroscopy

The EPR spectra of the dry and the hydrated aerogels together with
the results of the simulations are shown in Fig. 6. During synthesis, the
addition of aqueous Cu(II) yields drastic changes in the UV-vis spectra of
the precursor ligand solutions. In line with this, the EPR results clearly
show the presence of the expected Cu(lI) species in both systems in the
resulting dry aerogels. The obtained spin-Hamiltonian parameters
confirm that the Cu(Il) ions are bound to the respective macrocyclic
cavities, and the EPR parameters correspond well to those obtained for
the original [Cu(II)—cyclam]2+ and [Cu(II)—cyclen]2+ complexes. The
detailed evaluation of the EPR measurements is as follows.

The EPR spectrum of the powdered pristine CuClam-AG recorded at

(b) CuClam-AG (solid + water)
(a) CuClam-AG (solid)

(d) CuClen-AG (solid + water)
(c) CuClen-AG (solid)

room temperature supports that the Cu(II) complex is immobilized and
randomly oriented on the silica surface. The spectrum exhibits one
exclusive species characterized by an axial g-tensor considering the
usual elongated octahedral geometry of Cu(Il). The coupling of 4
equivalent nitrogen atoms in the equatorial sphere of the Cu(Il) was
taken into account to describe the linewidth. The EPR parameters are in
good agreement with those reported previously for Cu(I)-cyclam com-
plexes in frozen solution (Table 4) [40]. The lines of this component are
somewhat broad, because the Cu(II) centers are physically close to each
other in the aerogels and the interactions between them result in line
broadening. However, these centers are not close enough to cause an
antiferromagnetic coupling. Similar effects were observed for Cu(I)-
cyclen functionalized aerogels, as discussed in the literature [25].

The EPR spectrum of the frozen suspension of the hydrated CuClam-
AG cannot be assigned to a single axial g-tensor. The parameters can

Table 4
Anisotropic EPR parameters obtained in the simulation of the EPR spectra in
Fig. 6. The SD is + 0.001 for g, and gjand + 1 x 10™* cm ' for A, and A.

8L 8 A 10%em™ A 10 cm]
CuClam-AG 2.040 2.175 25 197
CuClen-AG 2.049 2.194 17 190
Component 1"
CuClen-AG 2.056 2.211 10 171
Component 2°
[Cu(cyclam)]** ® 2.049 2.186 205
[Cu(cyclen)]** ® 2.057 2.198 184

2 Data are taken from Ref. [25] ° Data are taken from Ref.[40].

Fig. 6. Experimental (black) and simulated (red)
EPR spectra. The spectrum of CuClam-AG at room
temperature (a); and the frozen suspension of the
hydrated aerogel (b). Spectrum (a) was fitted
with the axial EPR parameters reported in Table 4
(CuClam-AG) in 100 %; and spectrum (b) with
90 % CuClam-AG + 10 % Cu>*. The spectrum of
CuClen-AG at room temperature (c); and the
frozen suspension of the hydrated aerogel (d).
Spectrum (c) was fitted with 54 % Component 1
+ 46 % Component 2 and (d) with 62 %
Component 1 + 38 % Component 2 in Table 4.
(For interpretation of the references to color in
this figure legend, the reader is referred to the
web version of this article.)
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adequately be fitted only by considering 2 components. The EPR pa-
rameters of the first component is the same as the one found in the
powder spectrum, and this species is the major one with 90 % contri-
bution. Beside this complex, the EPR spectrum shows the signal of
liberated, aqueous Cu(II), however, this free Cu(II) can exclusively be
observed in the frozen samples. Most likely, the freezing shifts the
equilibrium between the free and the bound Cu(Il), and damages the
aerogel structure, as well.

Both the dry powder and the frozen suspension spectra of CuClen-AG
suggest that the immobilization of Cu(I)-cyclen in the aerogel leads to
the formation of a new Cu(II) complex species (Component 2) next to the
complex that is well related to the free Cu(Il)-cyclen (Component 1). The
corresponding EPR parameters are listed in Table 4. The large g and
small A| parameters of Component 2 suggest a weaker equatorial ligand
field. In this new complex, most probably, one of the nitrogen atoms is
not involved in the binding of Cu(II), and it is possibly replaced by the
hydroxyl group of the linker side chain, which was observed in previous
cases, as well [25]. The same scenario is not operational for the CuClam-
AG, thus, it is reasonable to assume that the coordination sphere of Cu
(ID-cyclam is not altered upon immobilization.

3.9. Superoxide dismutase (SOD) activity

Several control experiments were performed to ensure the reliability
of the indirect xanthine / xanthine oxidase / NBT assay for the quanti-
fication of the SOD activity of the functionalized aerogel microparticles.
First, pristine silica aerogel microparticles were tested, and it was
confirmed that the silica aerogel does not exhibit any SOD activity.
Then, the possibility of side reactions between the reactants and the
functionalized aerogels were tested. It was confirmed that the func-
tionalized aerogels do not inhibit the production of the superoxide anion

100 T T
A

80+ 1
60+ 1

40- ]

Inhibition (%)

20+ 1
CuClen-AG

0 10 20
¢(Cu) (uM)

100 T
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by xanthine oxidase, i.e., the rate of the conversion of xanthine to uric
acid is the same in the presence and in the absence of the complexes. It
was also confirmed that the NBT detector molecule is not reduced by the
functionalized aerogels.

The Cu(Il)-complexes of the synthetic precursors containing the
silane side arms (cf. Scheme 1) were isolated before adding TMOS, but
dissolving these complexes in water and adding them to the aqueous
reaction system of the xanthine / xanthine oxidase / NBT assay caused
turbidity. This could be due to the hydrolysis and condensation of the
silane groups in the side arms. Therefore, these systems cannot serve as
solution phase controls for SOD activity.

The inhibition values of the functionalized aerogels and the dissolved
[Cu(II)-cyclam]2+ measured at 25 °C and pH = 7.60 are given as a
function of the Cu(I) concentrations in the complexes in Fig. 7. Addi-
tional inhibition curves obtained at 37 °C, and at pH = 6.45 are reported
in Figs. S14-516 in the Supporting Information. The measured inhibition
values are summarized in Table 5. The inhibition values of similar sys-
tems reported in the literature are collected in Table 6 for reference.

Table 5
The ICsq (1M) values of aqueous and immobilized SOD mimetic systems studied
in this work.

pH pH 7.60 pH 6.45
T 37°C 25°C 37°C
[Cu(IT)-cyclam] 2+ 0.8+0.1 26.1 +0.8 0.42 + 0.08
[Cu(I)-cyclen] 2+ N.A. N.A. NA.
CuClam-AG 0.20 £+ 0.07 1.7 £ 0.1 0.09 £+ 0.01
(immobilized Cu(II)-cyclam)
CuClen-AG 4+1 21+0.2 0.61 £ 0.01
(immobilized Cu(II)-cyclen)
100 T T T
B
80+ 1
—_
g 60
s i J
S *
x
L2 40+ ® .
=
£
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Fig. 7. Inhibition percentage in the xanthine / xanthine oxidase / NBT assay as a function of the copper concentration using CuClen-AG (A), CuClam-AG (B) and
aqueous [Cu(Il)-cyclam]?* (C) at 25 °C and pH 7.60. The relative standard deviation (RSD) of the inhibition percent values arising from the uncertainty of the kinetic

data is ca. 10 %.
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The first important observation is that the aqueous [Cu(II)-cyclen]2+
complex does not exhibit any SOD activity. Consequently, the SOD ac-
tivity of the CuClen-AG microparticles certainly arises due to the
immobilization of the Cu(II)-cyclen complex.

The results clearly demonstrate that the functionalized aerogel mi-
croparticles show excellent performance in the degradation of super-
oxide anion. This effect is more pronounced at pH 6.45, however, it is
important to note that the rate of the non-catalyzed disproportionation
of superoxide also increases by decreasing the pH. When benchmarked
against several previously reported aqueous Cu(Il) complexes and
nanoparticle immobilized Cu(Il) species, the present aerogels display
higher, or at least comparable performance [9,13,17,41]. Furthermore,
the present aerogel microparticles are biocompatible and do not pose the
risk of nanotoxicity, as discussed later.

3.10. Reactivity of covalently immobilized Cu(Il) complexes

The ICs of the CuClam-AG is one order of magnitude smaller than
that of the dissolved [Cu(Il)-cyclam]®", demonstrating a significant in-
crease in the SOD activity due to the covalent immobilization. However,
it is important to note that complete inhibition was not reached by the
CuClam-AG in the concentration range used in this study. In order to
account for the increased SOD activity of CuClam-AG compared to
aqueous [Cu(II)—cyclam]2+, several factors have to be considered. First,
the chemical structure of the complex, and thus, the molecular envi-
ronment of Cu(Il) is different in the aerogel due to the covalent linkers,
which is further complicated by the existence of isomers, as detailed in
Section 3.1. However, new coordination modes were not detected in the
as-prepared aerogel by EPR, as detailed in Section 3.8. Second, the Cu
(ID)-cyclam moieties are molecularly dispersed in the highly permeable
aerogel network, as shown by SANS and EPR. This ensures the accessi-
bility of the catalytically active sites, while exerts a confinement effect
on the nanoscale curved pore walls [22,25]. Third, on the basis of co-
ordination chemical considerations, immobilization stabilizes the acti-
vated form of the complex that forms in the reaction with superoxide
radical and inhibits any intermolecular side reactions between these
reactive intermediates. An additional factor is the Zeta potential of the
CuClam-AG particles. This is only slightly negative at the experimental
conditions used for the SOD activity studies, which does not hinder the
transport of superoxide, and it is a further advantage under biological
conditions.

The increase of the SOD activity as a result of the covalent immo-
bilization is even more profound in the case of CuClen-AG compared to
aqueous [Cu(II)-cyclen]2+. In this aerogel, the two linkers again alter

Table 6
The ICsq values of aqueous and immobilized SOD mimetic systems. (The values
in the present work are reported at pH = 7.60 and 25 °C).

Description 1Cso Ref.
(uM)
[Cu(II)-cyclam]zJr aqueous 26.1 + this
0.8 work

[Cu(ID)-cyclen]®* aqueous N.A. this

work

CuClam-AG(immobilized Cu silica aerogel 1.7 £ this
(I microparticle 0.1 work
-cyclam)

CuClen-AG(immobilized Cu silica aerogel 21+ this
(In microparticle 0.2 work
-cyclen)

Cu(II)-Zn(II)-imidazolato aqueous 58 [17]
complex

Cu(ID-Zn(I)-imidazolato mesoporous silica 1.9 [17]
complex in silica nanoparticle

Cu(I)-bipyridyl + Fe(IID)- layered double hydroxide ca. 0.1 [13]
citrate in LDH nanoclay

Cu(ID-PydiTyr complex aqueous 0.028 [91

CuZnSOD enzyme aqueous 0.010 [9]
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chemical structure of the complex, and thus, the molecular environment
of Cu(Il). Here, the EPR data unambiguously show the formation of a
new Cu(Il) complex species in the case of the immobilized Cu(II)-cyclen.
Therefore, the covalent immobilization directly leads to the alteration of
the coordination geometry of Cu(Il) in this case. The logical assumption
is that this new species with a somewhat distorted coordination geom-
etry is the catalytically active component in the functionalized aerogel,
because the hydrated [Cu(II)-cyclen]ZJr complex does not exhibit any
SOD activity [41]. Apparently, the noted structural feature is strong
enough under the applied conditions to compensate for the slightly
negative Zeta potential of this functionalized aerogel in its reaction with
superoxide.

Consequently, the most important factors responsible for the altered
reactivities of the immobilized complexes compared to the aqueous ones
are as follows. i) The formation of new chemical environments, i.e., new
catalytically active complex species in the hydrated aerogels (confirmed
by EPR) due to the covalent immobilization. ii) The effective separation
of the active Cu(Il) centers (confirmed by SANS and EPR). iii) The
confinement effect operative in the nanoporous network. Similar con-
clusions were drawn when investigating the effect of nanoscale immo-
bilization of open chain Cu(Il) and bridged Cu(II)-Zn(II) complexes in
layered double hydroxides and order mesoporous silicas [14,15].

3.11. Perspectives for biomedical applications

A possible perspective for the use of the functionalized aerogel mi-
croparticles is their utilization as passive targeting antioxidant agents
administered locally or subcutaneously. It has been shown before in
several in vitro and in vivo studies that silica aerogel microparticles
having slightly negative Zeta potentials under biologically relevant
conditions are biocompatible and can normally be secreted by animals
[26,42-44]. Therefore, antioxidant aerogel microparticles can be useful
for the local treatment of inflammation or other oxidative stress related
conditions. Furthermore, it was shown in a recent animal study that
silica aerogel microparticles injected as a suspension into the abdominal
cavity of mice enter the lymphatic circulation of the animals and accu-
mulate in lymph nodes [45]. Therefore, the present antioxidant aerogel
microparticles may be developed to be passive targeting agents for the
systemic treatment of conditions associated with oxidative stress.

The present Cu(I)-macrocycles with 4 nitrogen donor atoms ensure
the high stability and the kinetic inertness of the coordination of Cu(Il),
which is essential in biological systems where competitive ligands are
abundant in the form amino acids, peptides, proteins and other bio-
molecules. Therefore, these immobilized complexes are excellent can-
didates for further in vitro and in vivo studies.

4. Conclusions

The copper(II) complexes of cyclen and cyclam were successfully
immobilized using different covalent linkers in mesoporous silica aero-
gels. The chemical structures of the functionalized aerogels were eluci-
dated based on the combined mass spectrometry (MS) and nuclear
magnetic resonance spectroscopy (NMR) characterization of the syn-
thetic precursors, and the electron paramagnetic resonance (EPR)
spectroscopy characterization of the as-prepared aerogels. The presence
of the covalent linkers alters the chemical environments of the com-
plexes, which leads to a new coordination mode of Cu(Il) in the pristine
Cu(ID)-cyclen functionalized aerogel compared to the parent complex.
Contrast variation small angle neutron scattering (SANS) and EPR
measurements unambiguously prove that the Cu(II)-complexes are not
aggregated, but molecularly dispersed in the silica networks. The func-
tionalized aerogel microparticles show excellent catalytic activities in
the dismutation reaction of the superoxide anion mimicking the super-
oxide dismutase enzymes (SODs). Interestingly, the covalent immobili-
zation drastically increases the SOD activities of both Cu(II) complexes
compared to the aqueous parent complexes. This is the most remarkable
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in the case of the Cu(Il)-cyclen functionalized aerogel, because the
aqueous complex does not show any activity. The most important factors
responsible for the altered reactivities are as follows. i) The formation of
new chemical environments and Cu(II) coordination modes due to the
covalent immobilization. ii) The effective separation of the active Cu(II)
centers in the aerogels. iii) The confinement effect operative in the
nanoporous network. A general consideration in coordination chemistry
is, that the immobilization of complexes in solid porous networks is
advantageous for the stabilization of catalytically important in-
termediates and the inhibition of their intermolecular side reactions. A
perspective for the future development of the functionalized aerogel
microparticles is their utilization as passive targeting antioxidant
pharmaceutical agents administered locally or subcutaneously.
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Supplementary material related to this article can be found in the
online version of the article. Additional experimental details, including
Figures S1 to S16 referred to in the text. Characterization of the pre-
cursors, hydrolytic stability of the aerogels, SOD measurements.
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org/10.1016/j.apsusc.2022.155622.
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