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Enhancement of SOD activity in boehmite supported 
nanoreceptors  
Álvaro Martínez-Camarena,a Estefanía Delgado-Pinar,a Concepción Soriano,b Javier Alarcón,c José 
M. Llinares,a,b Roberto Tejerod and Enrique García-Españaa 

The binuclear Cu2+ complex of a pyridinophane polyamine ligand 
ranking amongst the fastest SOD mimetics so far reported displays 
a remarkable SOD activity enhancement when grafted to the 
surface of boehmite (g-AlO(OH)) nanoparticles (BNPs).  

The imbalance between the generation and clearance of 
reactive oxygen species (ROS) causes oxidative stress,1 which is 
related to a variety of health issues that include cardiovascular 
diseases,2 chronic inflammation,3 diabetes,4 
neurodegenerative disorders such as Parkinson´s and 
Alzheimer Disease (AD),5 cancer6 and a variety of other age-
related pathologies.7 In order to remove ROS, living organisms 
have developed a battery of protective enzymes, such as 
superoxide dismutases (SODs), catalases and peroxidases. 
Mammalian SODs contain either CuZn-binuclear centres (SOD1 
and SOD3) or Mn mononuclear centres (MnSOD, SOD2). 
Although SOD enzymes have shown therapeutic efficacy,8 their 
use has severe drawbacks such as absence of oral activity, 
immunogenicity, short half-life and low cell permeability.9 
Therefore, low-molecular weight mimetics may offer better 
outcomes regarding properties such as lack of antigenicity, 
good tissue penetrance, high stability, longer half-life in 
solution, and low production cost.10 A number of these low 
molecular SOD mimetics are complexes of polyamine ligands 
of either cyclic or open-chain topology.11 In this respect, we 
have recently reported that several mononuclear or binuclear 
manganese and copper complexes12 of aza-macrocyclic 
ligands13 have SOD activities in vitro which rank among the 
highest ones so far reported for synthetic systems.14 

A step forward to improve the activity, the likely-cell 
uptake and bio-distribution of these low molecular weight 

mimetics might be their incorporation in non-toxic 
nanoparticles (NPs). The grafting of the molecules to the 
surface of the nanoparticles may yield pre-concentration and 
amplification of the signal.15   

As a proof of concept, here we report the synthesis of a 
new Cu2+ binucleating aza-macrocyclic ligand (L1) 
functionalized with a hydroxo group rightly disposed to permit 
its covalent anchorage to boehmite (g-AlO(OH)) nanoparticles 
(BNPs) without loss of SOD activity. BNPs have been chosen as 
support because we and others16 have shown its innocuous 
character that has permitted its use even as co-adjuvants in 
vaccines.17 We discuss on the synthesis and coordinating 
ability of the free and grafted ligand as well as we provide 
information about the SOD activity of the different 
components involved in the nanoreceptor. 

L1 was prepared using a modification of the Richman-
Atkins procedure. 4-Benzyloxy-2,6-bis(bromomethyl)pyridine, 
prepared as described previously,18 was reacted under reflux 
conditions with the pertosylated polyamine 1,5,9,13,17,21-
hexakis(p-tolylsulfonyl)-1,5,9,13,17,21-hexaazaheneicosane19 
in dry CH3CN using K2CO3 as a base. After purification of the 
tosylated macrocycle, by column chromatography, the tosyl 
groups were removed with a HBr/AcOH/PhOH mixture under 
reflux to obtain, after workup, L1·6HBr in good yield. Synthetic 

Fig.  1 Ligand drawing 
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details and characterization data are included in the 
supplementary materials (Figure S1-S3). Afterwards, L1·6HBr 
was reacted with a suspension of BNPs in basic medium under 
reflux to graft the organic molecules onto the surface of the 
BNPs. Then, BNPs were exhaustively washed to obtain the final 
grafted material. The macrocyclic content of the material 
((0.35±0.04)·10-4 mol/gBNP) was deduced by elemental 
microanalysis and 1H NMR spectroscopy (see Tables S1 and S2 
and Figures S4 and S5 in the ESI). By 1H NMR spectroscopy, a 
calibration using TMS as internal reference was made. The 
integration of the signals provided the amount of grafted 
organic molecules that were in agreement with those obtained 
from elemental microanalysis. Furthermore, the ICP-MS 
analysis was fully consistent with the previous data showing 
that there are two moles of complexed copper by every mole 
of grafted ligand (See ESI).  

The BNPs were characterised by X-ray powder diffraction 
and dynamic light scattering (see Figures S6 and S7 in the ESI). 
The mean BNPs size was found to be about 58±30 nm. The X-
ray powder diffraction pattern did not evidence any structural 
alteration due to the grafting process.  

Previously to the studies with the grafted BNPs, we 
proceeded to characterise the Cu2+ complexation behaviour of 
L1 in solution. First, we measured by pH-metric titrations the 
protonation constants of L1, which are collected in Table S3. L1 
shows seven protonation constants corresponding to the 
secondary amines and the phenol group which range between 
10.68 and 4.14 logarithmic units. To know when the phenol 
group becomes protonated, we recorded UV spectra at 
variable pH. The variation of the band at 271 nm suggests that 
protonation of the phenol group occurs in the pH range 5-7 in 
correspondence with the formation of the H5L15+ species 
(Figure S8 in the ESI). As shown by the DFT studies, the wide 
pH range in which the non-protonated form prevails in 
solution might be related to the existence of a keto-enolic 
equilibrium. (Figure S9) Such equilibrium would be affording 
electron density to the pyridine nitrogen favouring hydrogen 
bonding interactions with neighbouring ammonium groups. 
Hence, L1 as it is illustrated in Fig. 1 does not really exist in 
solution at any pH since protonation of five of the amine 
groups would precede the protonation of the phenolate group. 

pH-metric speciation studies at variable pH of the system 
Cu2+-L1 show the formation of mononuclear species of 
[CuHxL](2+x) stoichiometry with x ranging from 4 to -1 and 
binuclear species of [Cu2L]4+ and [Cu2(H-1L)]3+ stoichiometries 
(Figure 2). Mono- and binuclear hydroxylated species of 
[Cu(H-1L)(OH)], [Cu2(H-1L)(OH)]2+ and [Cu2(H-1L)(OH)2]+ 
stoichiometries were also detected. The distribution diagram 
collected in Figs. 2 and S10 show that while for mole ratio 
Cu2+:L1 1:1 only the mononuclear species are found in 
solution, for a 2:1 ratio the binuclear species prevail above pH 
3. Interestingly, the UV spectra show that deprotonation of the 
phenolic group occurs as soon as the first Cu2+ binds to the 
macrocycle suggesting that the pyridine nitrogen is always 
involved in the coordination. The large values of the stability 
constants found for the complexes [Cu(H-1L)]+ and [CuH(H-1L)]2+ 
(entries 6 and 11 in Table S4) suggest that Cu2+ is coordinated, 

apart from the pyridine nitrogen atom, by other four amine 
groups of the macrocyclic cavity as it is also supported by the 
DFT calculations (see Figure 3A and Tables S5 and S6). So, the 
addition of a second Cu2+ is accompanied by much lower 
stability constants (entries 8 and 13 in Table S4) that can be 
ascribed to a lower number of nitrogen atoms participating in 
its coordination. Moreover, some bond breaking and 
reorganisation might accompany this second step. At this 
stage, the first metal ion might be coordinated by the pyridine 
nitrogen and three neighbouring polyamine nitrogen atoms, 
whereas the second Cu2+ would be bound to the remaining 
three amine groups. The second metal ion would complete its 
coordination sphere with two water molecules coming from 
the media. At higher pH, formation of two binuclear hydroxo 
species occurs being the pKa for the deprotonation of the 
water molecules, particularly the first one pKa = 7.26, rather 
low suggesting that the hydroxide ion behaves as a bridging 
ligand between both metal centres as supported also by the 
DFT calculations (see Figure 3B and Tables S7 and S8). 

The unsaturated coordination sphere of the second metal 
ion and consequent reduced stability of the Cu2+ complex at 
this stage should lead to a better cycling between oxidation 
states Cu(II) and Cu(I) required for an efficient SOD activity to 
occur (Table S11 and Figure S11).  

Since mammalian SOD1 and SOD3 contain Cu and Zn in 
their active centres, we have also investigated the 
coordination of Zn2+ and the formation of mixed Cu2+-Zn2+ 
complexes by L1. The analysis of the pH-metric titrations 
shows similar speciation for Zn2+ and for Cu2+ (Table S9). 
However, the highest protonated mononuclear species 
detected is, in this case, [Zn(H3L)]5+ and only binuclear 
hydroxo-species are observed ([Zn2(H-1L)(OH)]2+, 
[Zn2(H-1L)(OH)2]+ and [Zn2(H-1L)(OH)3]). As expected, the 

Fig.  2 Distribution diagram of the Cu2+:L1 system as a function of the pH in 
aqueous solution. The UV-vis spectroscopic parameters at 285 nm (red dots) and 
at 590 nm (blue dots) are overlaid. 
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stability of the Zn2+ complexes is markedly lower than that of 
the Cu2+ ones. The pH range in which the [Zn2(H-1L)(OH)]2+ 
hydroxylated species exist in solution suggests again a bridging 
binding mode for the hydroxide ligand.  The variation of the 
UV spectra of the Zn2+-L1 system indicates that, as happened 
for Cu2+, deprotonation of the phenolic group also occurs as 
soon as the complexes start to form (Figure S12).  

To obtain the constants for the mixed Cu2+-Zn2+-complexes 
we carried out potentiometric titrations of solutions 
containing Cu2+, Zn2+ and L1 in a 1:1:1 molar ratio. In a first run 
of the fitting, we kept constant the values of the stability 
constants of the binary Cu2+-L1, and Zn2+-L1 complexes, 
previously obtained, and we proceed to determine only the 
values of the constants of the mixed Cu2+-Zn2+ complexes 
(Table S10). To check the reliability of our data, in the final run 
of the fitting we treated simultaneously the titrations of the 
binary and tertiary systems leaving free all the stability 
constants for the Cu2+-L1, Zn2+-L1 and Cu2+-Zn2+-L1 systems 
obtaining values which agreed within the experimental errors 
with the previous ones. The mixed complexes had 
[CuZn(H-1L)]3+x and [CuZn(H-1L)(OH)n](3-n) stoichiometries with n 
= 1,2. As shown in the distribution diagram in Fig. S13 these 
mixed species predominate in solution only above pH 7.5. 
Again, the variation of the UV spectra with pH suggest that in 
all mixed complexes the phenol group is deprotonated either 
in the phenolate or the keto forms.  

Once the Cu2+ and Zn2+ coordination chemistry in solution 
had been characterised, we proceeded to perform SOD activity 
assays by using the nitroblue tetrazolium (NBT) method.20 The 
values of IC50 (defined as the amount of compound necessary 
for achieving 50% inhibition of NBT reduction -to blue 
formazan by the superoxide anion) and kcat are collected in 
Table 1. Blank experiments were performed with the free 
ligands without observing any significant activity. Data of the 
binuclear complex of L2, the ligand without the phenol 
group,19 are also included in Table 1 by means of comparison. 
First, it has to be pointed out that, as shown in the bar diagram 
of Fig. 4, the IC50 and kcat values obtained for the two non-
supported complexes rank amongst the most active ones so 
far reported in the literature.8b,9,21 Second, the activity of the 
binuclear complex is much higher than those of the 
mononuclear complex of L1 and of the Cu2+-Zn2+ mixed 
complex. As above commented, the Cu2+ coordination sphere 
in the mononuclear complex will be saturated by the pyridine 
and amine donors leading to a highly stable Cu2+ complex 
being, therefore, the reduction to Cu+ thermodynamically 
unfavourable. The unsaturated coordination sphere of the 
second Cu2+ and lower stability of this centre would make 
easier the cycling between oxidation states II and I necessary 
for the ping-pong mechanism of SOD to occur. 

Finally, the anchoring of the macrocyclic binuclear complex 
to the BNPs leads to a very significant 8-fold increase in SOD 
activity. This amplification of activity may be related, as 
previously described for other systems,15 to the pre-
concentration of Cu2+ complexes in the surface of the BNPs 
that would favour their interaction with the substrate.  

In spite that there is still a lot of work to be done in finding 
better and more diverse ways of anchorage of the macrocycles 
that permit more robust bonds to be formed and the grafting 
to NPs of different nature, the results here presented 
constitute a proof concept of a plausible way of getting 
improved efficiencies in SOD activity. On the other hand, these 
results also open a way to cover other important issues in drug 

Table 1 SOD activity for the studied systems obtained by McCord-
Fridovich test. 

System	 IC50	(mM)	 kcat	(106	M-1s-1)	

Cu2L1	 0.8(1)	 4.08	

CuL1	 1.4(5)	 2.50	

CuZnL1	 1.6(2)	 2.11	

Cu2L1-BNPs	 0.10(3)	 33.72	

Cu2L2	 1.2(2)b	 2.37b	

Cu2Zn2SOD	 0.010(2)b	 430b	

e. Values in parentheses are standard deviations in the last significant figure. 
Measurements were performed in triplicate. 

f. Values obtained from bibliography.19,22	
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delivery and taxying; the inclusion of directing groups or 
related functions may contribute to this purpose. Currently, 
we are focusing our research efforts in these aspects. 
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