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Abstract 

A series of copper-functionalized SBA-15 (Santa Barbara Amorphous) materials 

containing the ligands triethoxysilylpropylmaleamic acid (maleamic) or triethoxy-3-(2-

imidazolin-1-yl)propylsilane (imidazoline) have been prepared. The nanostructured 

silica-based systems SBA-maleamic, SBA-imidazoline, SBA-maleamic-Cu and SBA-

imidazoline-Cu were characterized by several methods observing that the 

functionalization took place mainly inside the pores of the mesoporous system. The 

antimicrobial behaviour of the synthesized materials against Staphylococcus aureus and 

Escherichia coli was tested observing a very potent activity of the copper-functionalized 

systems (minimum inhibitory concentration (MIC) and minimum bactericidal 

concentration (MBC) values for SBA-maleamic-Cu of ca. 31.25 μg/mL, which correspond 
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with ca. 1.13 μg/mL of Cu). A study of the oxidative stress promoted by the synthesized 

materials showed that the SBA-maleamic-Cu and the SBA-imidazoline-Cu were able to 

increase the reactive oxygen species (ROS) production in S. aureus by 427% and 373%, 

respectively, while this increase was slightly lower in E. coli (387 and 324%, 

respectively). Furthermore, an electrochemical study was carried out in order to 

determine if these materials interact with lysine or alanine to validate a potential 

antimicrobial mechanism based on the inhibition of the synthesis of the peptidoglycan of 

the bacterial wall. Finally, these studies were also performed to determine the potential 

interaction of the copper-containing materials with glutathione in order to assess if they 

are able to perturb the metabolism of this tripeptide. 

 

Keywords: mesoporous silica; SBA-15; copper; antibacterial activity; ROS; 

electrochemistry 

 

1. Introduction 

Mesoporous silicas are an interesting class of materials in different fields of research, 

and which have become of high importance in science due to their attractive properties, 

such as a high surface area, tuneable pore size, particle size and morphology along with 

a very high chemical stability [1].  

In a medicinal context, mesoporous silica have been studied in nanomedicine [2] as 

drug-delivery systems [3], loaded with several therapeutic agents such as metallodrugs 

of different metals, namely, platinum [4–7], titanium [4,8–15], tin [15–19], ruthenium [20] 

and copper compounds [21]. Mesoporous silica in drug-delivery has also been loaded 

with FDA-approved organic drugs [22,23] and even with natural products with therapeutic 

activity [24–26]. All these drug-delivery systems have shown interesting results in 

anticancer studies in vitro or in vivo, demonstrating their potential to be used in many 

other therapies such as, for example, cancer immunotherapy [27]. 

Bearing in mind that one of the most active research fields in medicinal chemistry is 

currently focused on the study of novel therapeutic approaches to fight against highly 

resistant bacteria [28], the use of mesoporous silica-based nanostructured systems as 

carriers of more potent antimicrobial agents represents an exploitable alternative [29]. 

Thus, the search for novel materials with potential antimicrobial activity in the first 

moments of microorganism colonization, which is critical in the propagation of the 

infection, is very intense [30]. The use of mesoporous silica-based materials loaded with 
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antibacterial agents has been traditionally restricted to commercial antibiotics [29–31] or 

other biocides [32,33]. However, few studies have been reported using mesoporous 

silica-supported metal-based antibacterial drugs or supported metal (mainly Cu or Ag) 

nanoparticles [34,35].  

In this context, our group recently reported the preparation and study of the antibacterial 

properties of copper(II) maleamate complexes supported on mesoporous silica 

nanoparticles (MSN) [21]. Maleamates ligands were chosen because they have a rich 

coordination chemistry [36–40] and a very high potential to perturb the biological action 

of the enzyme maleamate amidohydrolase, negatively affecting the bacterial viability 

[41,42]. In addition, copper ions were used for the preparation of the metal complexes, 

as copper(II) compounds have a very long tradition in antibacterial studies, 

demonstrating a very high antimicrobial activity [43–45].  

In view of our interesting results in this field which show that copper(II) maleamate 

complexes supported onto MSN exhibit excellent activity against Staphylococcus aureus 

and Escherichia coli, generating a high quantity of ROS and strongly decreasing bacterial 

viability [21]; we decided to continue our studies using copper(II) maleamate complexes 

supported on SBA-15 mesoporous silica, extending the work to the use of other ligands 

such as imidazoles, as this kind of organic ligands have already been shown to be active 

antibacterial agents [46–49]. 

Thus, in this study we have prepared and characterized two different SBA-15 based 

materials with supported copper(II) complexes containing silylpropylmaleamato or (2-

imidazolin-1-yl)propylsilane ligands. In addition, a complete study of the antibacterial 

activity and ROS generation in S. aureus and E. coli colonies has also been carried out. 

An electrochemical study of the binding ability and interaction of these materials with 

lysine and glycine has been undertaken in order to determine if the supported copper(II) 

complexes interact in the peptidoglycan synthesis of the membrane of the bacteria [50]. 

Finally, an electrochemical binding study of the materials with glutathione has also been 

carried out, in order to observe if these materials have the potential to bind with 

glutathione perturbing the metabolism of this peptide, which may result in the promotion 

of an alternative cell death pathway for the bacteria. 

2. Experimental Section 

2.1. General remarks on the synthesis of the materials 

All reactions were performed using standard Schlenk tube techniques in an atmosphere 

of dry nitrogen. Solvents were distilled from the appropriate drying agents and degassed 

before use. The reagents used in the preparation of the starting material (SBA-15), 
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poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (Pluronic 

123) and tetraethyl orthosilicate (TEOS) were purchased from Sigma Aldrich. 

Triethoxysilylpropylmaleamic acid (maleamic) (Fluorochem), triethoxy-3-(2-imidazolin-1-

yl)propylsilane (imidazoline) (Fluorochem), copper(II) nitrate trihydrate (Sigma-Aldrich) 

and 5,5’-dimethyl-2,2’-bipyridine (Fluorochem) and NaOH (Scharlau) were used for the 

preparation of the functionalized SBA-15 based materials. Finally, for the 

electrochemical study lysine (Fluorochem), glycine (Sigma-Aldrich) and glutathione 

(Sigma-Aldrich) were used. All reagents were employed directly without further 

purification. 

2.2. General remarks on the characterization of the materials 

X-ray diffraction (XRD) pattern of the systems were obtained on a Philips Diffractometer 

model PW3040/00 X’Pert MPD/MRD at 45 kV and 40 mA, using a wavelength Cu Kα (λ 

= 1.5418 Å). Cu wt% determination by X-ray fluorescence were carried out with an X-ray 

fluorescence spectrophotometer Philips MagiX with an X-ray source of 1 kW and a Rh 

anode using a helium atmosphere. Thermogravimetry analyses (TG) were obtained on 

a Shimadzu mod. DSC-50Q (Shimadzu, Kioto, Japan) operating at 950 ºC (ramp 20 

ºC/min) at an intensity of 50 A. IR spectra were prepared using KBr pellets with a 

spectrophotometer Termo Nicolet Avatar 380 FT-IR with a Michelson filter 

interferometer. N2 gas adsorption–desorption isotherms (BET) were performed using a 

Micromeritics ASAP 2020 analyzer. DR UV-Vis measurements were carried out on a 

Varian Cary-500 spectrophotometer equipped with an integrating sphere and 

polytetrafluoroethylene (PTFE) as reference. 13C CP MAS NMR (13C cross polarization 

magic angle spinning nuclear magnetic resonance) and 29Si MAS NMR (29Si magic angle 

spinning nuclear magnetic resonance) spectra, were recorded on a Varian-Infinity Plus 

Spectrometer at 400 MHz operating at 100.52 MHz proton frequency (4 μs 90° pulse, 

4000 transients, spinning speed of 6 MHz, contact time 3 ms, pulse delay 1.5 s). 

Transmission electron microscopy (TEM) was carried out on a JEOL JEM 1010, 

operating at 100 kV and Nano scanning electron microscopy (nano-SEM) was carried 

out with a Nova NanoSEM 230, operating at 3 kV. 

2.3. General remarks on the electrochemical studies 

The cyclic voltammograms were recorded with a potentiostat / galvanostat Autolab 

PGSTAT302 Metrohm. A conventional three electrode system was used throughout the 

electrochemical experiments at room temperature with a modified carbon paste 

electrode (CPE) as the working electrode, a platinum wire as the auxiliary electrode, and 

a saturated Ag/AgCl/KCl (3 M) electrode (Metrohm) as the reference electrode against 

which all potentials were measured. The phosphate buffer used as the electrolyte 
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solution in the cell was purged with high purity nitrogen gas for at least 5 min to remove 

dissolved oxygen and then a nitrogen atmosphere was kept over the solution during 

measurements. 

2.4. Synthesis of mesoporous silica nanoparticle (SBA) 

The synthesis of SBA-15 was carried out from a modification of the experimental 

procedure reported by D. Zhao et al. [51]. In summary, an aqueous solution of the triblock 

copolymer Pluronic 123 (24.00 g, 4.14 mmol) was dissolved in 180 mL of Milli-Q water 

with ultrasound. Hydrochloric acid (720 mL, 2 M) was added to the solution and the 

temperature raised to 35 ºC. The silica precursor, TEOS (54.66 mL, 244.80 mmol), was 

added dropwise under vigorous stirring (1000 rpm) and the reaction allowed to proceed 

for 20 hours. Subsequently, the ageing process began. For that, the stirring was stopped 

and the mixture was heated to 80 ºC for 24 hours (under static conditions). The white 

precipitate was filtered and washed with abundant nanopure (Milli-Q) water. The solid 

was then dried for 24 hours at 80 ºC. Finally, a calcination process was carried out for 

12 hours at 500 ºC with a temperature ramp of 1º C / minute. 

2.5. Functionalization of SBA-maleamic 

Firstly, SBA-15 (3.00 g) was dried under vacuum at 80 ºC for 24 h. The SBA-15 silica 

was then treated with a solution of triethoxysilylpropylmaleamic acid (6.00 g, 18.78 mmol) 

in 30 mL of dry toluene, and the solution was kept under stirring for 48 hours at 110 ºC. 

The suspension was then filtered and the isolated solid washed with toluene and diethyl 

ether (2 × 50 mL) and dried for 24 h at 80 ºC. 

2.6. Functionalization of SBA-imidazoline 

The synthesis of this material was carried out using the same synthetic method to that 

of SBA-maleamic. 3.00 g of SBA-15 was dispersed in 30 mL of dry toluene and a solution 

of triethoxy-3-(2-imidazolin-1-yl)propylsilane (5.97 mL, 21.86 mmol) in 20 mL of toluene 

was added to the suspension. The reaction was heated to 110 ºC and kept under stirring 

for 48 hours. The suspension was filtered and the isolated solid washed with toluene and 

diethylehter (2 × 50 mL) and then dried for 24 h at 80 ºC. 

2.7. Synthesis of SBA-maleamic-Cu and SBA-imidazoline-Cu 

The preparation of SBA-maleamic-Cu and SBA-imidazoline-Cu was carried out following 

similar procedures to those published by our group [21]. In summary, to a suspension of 

0.85 g of SBA-maleamic or SBA-imidazoline in 20 mL of acetonitrile, 357 mg (1.48 mmol) 

of copper(II) nitrate trihydrate and 272.3 mg (1.48 mmol) of 5,5’-dimethyl-2,2’-bipyridine 

(the quantity of copper(II) nitrate was calculated to obtained a theoretical level of 10% 

Cu/SiO2) was added. A solution of sodium hydroxide (5 mL, 2 % NaOH w/w with the 
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solution) was added and the reaction was maintained at 80 ºC for 24 h. The product was 

centrifuged (6000 rpm, 10 min.), washed and dried to eliminate the excess of reagents. 

2.8. Antibacterial activity 

The minimum inhibitory concentration (MIC) and the minimum bactericidal concentration 

(MBC) of the copper complex were determined in S. aureus ATCC 29213 and E. coli 

ATCC 25922 according to methods standardized by the Clinical and Laboratory 

Standards Institute [52]. The inoculum was prepared from an overnight culture with a cell 

concentration 1-5 × 108 colony forming units per/mL (CFU/mL) corresponding to 0.5 in 

McFarland scale. It was then diluted 1:100 in Mueller Hinton medium. Serial dilutions 

from 250 to 0.125 g/mL of each compound were made in a 96-well microplate. Then, 

the inoculum, to a concentration of 1-5 × 106 CFU/mL, was added and the culture 

microplates were incubated at 37 °C for 48 h. MIC was defined as the lowest 

concentration of the compounds without visible microbial growth after 18 h of incubation. 

The antimicrobial agent concentration that produces the death of 99.9% of initial 

inoculum was considered as the MBC. 

2.9. Determination of Reactive Oxygen Species 

A bacterial suspension (100 µL) of S. aureus ATCC 29213 and E. coli ATCC 25922 was 

incubated with 100 µL of the each compound at MIC concentration for 1 h at 37 °C. Then, 

20 µL of H2-DCFDA 20 µM aqueous solution (Cellular ROS Assay Kit) was added. The 

fluorescence intensity was measured 30 min later with a spectrofluorometer Biotek 

Synergy HT with the excitation and emission wavelengths at 480 and 520 nm, 

respectively. Non-treated bacterial suspensions were used as the control. The 

experiments were carried out in triplicate. 

2.10. Electrode Preparation 

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) measurements have 

been performed and the experiments have been carried out at room temperature, using 

a three-electrode-single compartment electrochemical cell (100 mL and dimensions of 

7.5 cm high and 6.5 cm diameter) with a Ag/AgCl/KCl 3 M as the reference electrode 

and a platinum rod counter electrode. A modified carbon paste with SBA-functionalized 

materials was used as the working electrode. The modified carbon paste electrodes 

(MCPE) used as working electrode were prepared by mixing with a pestle in an agate 

mortar the previously modified mesoporous materials with graphite (Metrohm) (6-10% 

(wt,wt) ratio) and mineral oil as agglutinant (Sigma-Aldrich) until a uniform paste was 

obtained. The resulting material was packed into the end of a Teflon cylindrical tube 

equipped with a screwing stainless steel piston providing an inner electrical contact. All 
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of the initial electrode activity could always be restored by simply removing the outer 

layer of paste by treatment with polishing paper. DPV parameters were as follows: the 

initial potential of -1.0 V, the end potential -1.75 or -2.0 V, the modulation time 0.057 s, 

the time interval 0.2 s, the step potential 1.05 mV/s, the modulation amplitude of 75 mV. 

3. Results and Discussion 

3.1. Synthesis and characterization of SBA-15 mesoporous silica 

The preparation of SBA-15 was carried out using the method described previously by 

Zhao and coworkers [51]. This method is based on the use of Pluronic 123 as surfactant 

and TEOS as silicon source in an acidic medium. A subsequent ageing process of 24 

hours under static conditions at 80 ºC and a final calcination step at 500 ºC, leads to the 

preparation of mesoporous silica SBA-15. The solid obtained was characterized by 

several methods to determine various important features of the material such as particle 

morphology and size, pore size and mesoscopic order.  

The analysis of the SBA-15 by low angle powder XRD studies showed that this material 

gave three diffraction peaks (Figure 1) corresponding with an hexagonally ordered silica. 

Namely, an intense peak associated with the (100) Miller plane was observed at 2θ of 

1.00, while two low intensity peaks were observed at 2θ of 1.68 and 1.95, which were 

assigned to the (110) and (200) Miller planes of the SBA-15 (Table 1).  

SBA-15 was also characterized by nitrogen sorption studies, observing type IV isotherms 

(according to the IUPAC classification) [53], with an hysteresis loop H2b (Figure 2) which 

is associated with the typical process of capillary condensation of mesoporous materials 

[53]. The BET surface area for this material is 763 m2/g, the total pore volume ca. 0.74 

cm3/g and the pore diameter 6.55 nm (Table 2). These data confirm the mesoporous 

nature of the synthesized SBA-15 material and are in agreement with other previously 

synthesized unmodified SBA-15 materials [15–19,51]. 

Characterization by 29Si MAS NMR spectroscopy gave a spectrum showing the signals 

corresponding to the different silicon atoms of the silica structure with hydroxyl bound 

groups, namely [Si(OSi)2] (the most intense peak (Q4) which appears at -112.7 ppm), 

[Si(OSi)2(OH)] (a very intense peak (Q3) which is observed at -105.3 ppm), 

[Si(OSi)2(OH)2] (a low intensity peak (Q2) which is found at -95.3 ppm), and finally 

[Si(OSi)(OH)3] (Q1, which is of very low intensity and appears at -86.2 ppm). The very 

high intensity of the peaks Q4 and Q3 confirms the mesoporous nature of the synthesized 

SBA-15 material [54]. 

SBA-15 was characterized by SEM and TEM (Figure 3). The synthesized SBA-15 can 

be defined as nanostructured rods of ca. 1.3 μm long and around 500 nm wide with a 
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narrow distribution of the particle size. In addition, the TEM micrographs show the 

parallel pore channels distribution along the particles. 

3.2. Synthesis and characterization of functionalized SBA-15 materials 

The synthesized SBA-15 was functionalized with two different ligands, namely, 

triethoxysilylpropylmaleamic acid (maleamic) and triethoxy-3-(2-imidazolin-1-

yl)propylsilane (imidazoline) to yield SBA-maleamic and SBA-imidazoline, respectively 

(Scheme 1). Both grafting reactions were carried out in toluene at 110 ºC for 48 hours 

and led to protonolysis of the Si-OH groups and elimination of ethanol from the ligands 

leading to new ligand containing Si-O-Si fragments.  

Subsequently the materials SBA-maleamic and SBA-imidazoline were treated with an 

acetonitrile solution of copper(II) nitrate in the presence of both sodium hydroxide and 

5,5’-dimethyl-2,2’-bipyridine, to give the materials SBA-maleamic-Cu and SBA-

imidazoline-Cu, where the maleamic and the imidazoline ligands, respectively, are 

coordinated to a copper(II) ion as shown in Scheme 2. 

All materials were characterized by a variety of the typical techniques employed in solid-

state chemistry. Thus, for example, the powder XRD studies showed that after 

functionalization with either maleamic ligand, imidazoline ligand or copper, the diffraction 

peaks appear with much lower intensity compared to those of the unmodified SBA-15 

(Figure 1 for maleamic-based materials and Figure S1 of Supplementary Material for 

imidazoline-based materials). The decrease in the intensity is associated with the partial 

blocking of the dispersion centres (pores) of the mesoporous material after 

functionalization with the ligands and / or the copper-containing moiety. A similar effect 

has been found in several other systems described in the literature for metallodrug-

functionalized SBA-15 materials [8,15–17] and is indicative of functionalization of the 

materials inside the pores of the mesoporous structure. In addition, the diffraction pattern 

of the functionalized materials, SBA-maleamic, SBA-imidazoline, SBA-maleamic-Cu and 

SBA-imidazoline-Cu, showed the typical signals at similar 2θ positions to those in the 

case of the unmodified SBA-15, confirming that the hexagonal mesoporous arrangement 

and the structural order of the materials are maintained unaltered. 

The nitrogen sorption study (Table 2 and Figure 2) showed that the BET surface area 

(SBET) of the copper-functionalized materials SBA-maleamic-Cu and SBA-imidazoline-

Cu were of 150 and 142 m2/g, respectively. The dramatic decrease in the surface area 

of the functionalized system when comparing with the unmodified SBA-15 (763 m2/g) is 

due to the functionalization with the copper complex inside the pores of the system. In 

addition, the functionalization inside the pores of the mesoporous system is also patent 
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when comparing the BJH (Barnett, Joyner and Halenda) pore size of the materials. Thus, 

SBA-maleamic-Cu and SBA-imidazoline-Cu have pore diameters of 3.15 and 4.71 nm, 

respectively, which are much lower than that of the unmodified SBA-15 which has a value 

of 6.55 nm. It is important to note that capillary condensation of nitrogen within the 

uniform mesoporous structure occurred for all the studied materials. This is observed at 

relative pressures (P/P0) of ca. 0.3 for SBA-maleamic-Cu and SBA-imidazoline-Cu and 

at ca. 0.4. The decrease in the relative pressure for SBA-maleamic-Cu and SBA-

imidazoline-Cu compared with that of SBA-15 is an effect of the functionalization. 

The copper containing materials were also characterized by XRF in order to determine 

the quantity of Cu of both SBA-maleamic-Cu and SBA-imidazoline-Cu. The quantity of 

Cu found was 3.6 % wt for SBA-maleamic-Cu and 12.3 % wt. for SBA-imidazoline-Cu 

(Table 2), which correspond to a functionalization of 0.56 and 1.94 mmol/gram of material 

for SBA-maleamic-Cu and SBA-imidazoline-Cu, respectively. 

The characterization of the functionalized materials SBA-maleamic, SBA-maleamic-Cu, 

SBA-imidazoline and SBA-imidazoline-Cu by 29Si MAS NMR spectroscopy confirmed the 

immobilization of the ligands and the copper complex. In the 29Si MAS NMR spectra of 

SBA-maleamic, SBA-maleamic-Cu, SBA-imidazoline and SBA-imidazoline-Cu the 

signals associated with the Q4, Q3, Q2 peaks of the silica were observed as in the case 

of the spectrum of the unmodified SBA-15 (in all cases the chemical shift of the signals 

was very similar, Figure 4). However, the intensity of the Q4 and Q3 peaks decreased for 

SBA-maleamic, SBA-maleamic-Cu, SBA-imidazoline and SBA-imidazoline-Cu when 

compared with the spectrum of unmodified SBA-15. In addition, the 29Si MAS NMR 

spectra of the functionalized materials showed two new peaks of medium intensity and 

at ca. -69 and -62 ppm, corresponding to the T2 ((SiO)2SiOH–R) and T3 ((SiO)3Si–R) 

sites, respectively, which confirm the incorporation of the maleamic or imidazoline ligand 

via elimination of two or three ethanol groups and the formation of the corresponding Si-

O-Si bonds.  

The materials SBA-maleamic-Cu and SBA-imidazoline-Cu were also characterized by 

13C CP MAS NMR spectroscopy. In the case of SBA-maleamic-Cu the 13C CP MAS NMR 

spectrum (Figure 5) shows the typical signals associated with the propylsilylmaleamate 

ligand and the ethoxide groups, namely, the signals of the Si–CH2–CH2–CH2–N fragment 

were observed at ca. 12, 21 and 54 ppm. The maleamate ligand gave two additional 

broad signals at ca. 125-140 ppm which are due to the alkenylic carbon atoms of the 

maleamate. In addition, the carbon atoms of the dimethylbipyridine ligand appeared as 

a very broad signal at ca. 174 ppm (aromatic carbons of the bipyridine) and a signal at 

ca. 40 ppm, due to the carbon atoms of the methyl groups bound to the aromatic rings. 
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It is important to note that the signals of the carbon atoms of the COO and CONH moiety 

of the maleamate ligand were not easily observed and appear with very low intensity 

between 200 and 205 ppm. Finally, the signals associated with the pendant ethoxide 

groups were observed in the spectrum at ca. 60 ppm (OCH2) and 33 ppm (CH3). 

For SBA-maleamic-Cu, the 13C CP MAS NMR spectrum shows a set of signals which 

confirm the incorporation of the imidazoline ligand. Thus, the three typical signals of the 

Si–CH2–CH2–CH2–N fragment were observed between 8 and 55 ppm. In addition, in the 

same region, two additional signals corresponding to the sp3 carbon atoms of the 

imidazole ring were also observed. The spectrum also shows a broad signal between 

120 and 130 ppm which is due to the sp2 carbon atom of the imidazole ring. Furthermore, 

the carbon atoms of the dimethylbipyridine ligand were observed as a broad signal at 

around 160 ppm (aromatic carbons of the bipyridine) and a signal at ca. 40 ppm, due to 

the carbon atoms of the methyl groups bound to the aromatic rings. Finally, the signals 

associated with the pendant ethoxide groups were recorded at ca. 60 ppm (OCH2) and 

22 ppm (CH3). 

The functionalized materials SBA-maleamic, SBA-maleamic-Cu, SBA-imidazoline and 

SBA-imidazoline-Cu have also been characterized by DR-UV-vis spectroscopy (Figure 

6). The spectra of both SBA-maleamic, SBA-maleamic-Cu show an intense absorption 

peak at ca. 220 nm and a absorption shoulder at ca. 260 nm, due to the maleamic ligand. 

In addition, only the spectrum of SBA-maleamic-Cu (which includes the incorporation of 

copper nitrate and the coordination of bipyridine) shows an additional absorption band 

at ca. 307 nm which is due to metal to ligand charge transfer (MLCT), indicating 

coordination. DR-UV spectra of both SBA-imidazoline, SBA-imidazoline-Cu gave a very 

intense absorption peak at ca. 205 nm and a low intensity absorption shoulder at ca. 250 

nm (more pronounced in the spectrum of SBA-imidazoline-Cu), due to the imidazoline 

ligand. In addition, only the spectrum of SBA-imidazoline-Cu shows an intense 

absorption peak at ca. 312 nm due to metal to ligand charge transfer, confirming the 

coordination of the imidazoline ligand to copper. 

All the synthesized materials were characterized by FT-IR spectroscopy observing the 

appearance of the typical peaks of each of the supported compounds (maleamic, 

imidazoline and copper moieties) and which confirms the functionalization of SBA-15-

based materials (See Figure S2 of Supplementary Material). 

Furthermore, materials SBA-15-maleamic-Cu and SBA-15-imidazoline-Cu were also 

characterized by SEM (Figure 7) observing no significant changes in the morphology 

and particle size of the functionalized materials. An EDX mapping of a SEM image of 
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SBA-imidazoline-Cu was carried out to show the distribution of Si, O and Cu atoms in 

the external surface area of the material (Figure 8). One can easily see that the quantity 

of Cu seems to be very low, which is in agreement with the fact that the major 

functionalization of the material is inside the pores of the mesoporous silica particles (not 

easily visible in SEM) together with the relatively low quantity of Cu (12.3 % wt. XRF) 

present in the whole material.  

Finally, materials SBA-15-maleamic-Cu and SBA-15-imidazoline-Cu were also 

characterized by TEM (Figure 9), observing that the pore arrangement of the 

functionalized materials is retained. 

 

3.3. Antibacterial studies of functionalized SBA materials 

To evaluate the efficacy of the synthesized copper-functionalized materials as 

antibacterial agents, the MIC and MBC of SBA-15, SBA-maleamic, SBA-maleamic-Cu, 

SBA-imidazoline and SBA-imidazoline-Cu were determined against S. aureus and E. coli 

(Table 3).  

The results showed that SBA-15 did not exhibit any antibacterial effect up to 250 μg/mL 

against S. aureus and E. coli, while the functionalized materials showed bactericidal 

activity against both bacteria (MBC/MIC< 2). MIC and MBC values obtained with SBA-

maleamic-Cu (31.25 µg/mL of material or 1.13 µg/mL of Cu) were lower, and therefore 

more interesting, than those obtained from SBA-maleamic (125 µg/mL) indicating that 

the functionalization of the materials with copper ions leads to a significant increase in 

the antibacterial properties, up to four times in both S. aureus and E. coli. However, the 

effect of the incorporation of copper on the antibacterial potential of SBA-imidazoline-Cu 

was lower as the MBC of SBA-imidazoline and SBA-imidazoline-Cu is the same while 

the decrease of MIC of SBA-imidazoline-Cu compared with that of SBA-imidazoline was 

50%.  

The antibacterial activity of these materials is much higher than that found for similar 

systems published previously by our group and based on MSN materials [21] and 

comparable, if not somewhat better than those obtained by Wang et al with tannic acid-

loaded mesoporous silica nanoparticles [55]. In general, when compared with other 

metal complexes [56], the copper-functionalized systems described here present a much 

higher bactericidal activity (referred to metal dose, which for these materials is between 

1.13 and 15.38 μg/mL) than several metal complexes against S. aureus and E. coli. In 

addition, the copper-containing materials present higher antibacterial activity than some 

commercial antibiotics [57,58]. 
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3.4. Determination of ROS promoted by functionalized SBA materials 

Oxidative stress is caused by a high intracellular concentration of reactive oxygen 

species (ROS) [59]. ROS usually promote the oxidation of some essential 

macromolecules inside the cells and leads to cell death by triggering different 

mechanisms [60]. In this context, the determination of oxidative stress is appropriate to 

elucidate if this is the principal cause of the antibacterial effect of the antibiotic agents. 

Thus, the production of ROS was determined for the synthesized materials. SBA-15, 

SBA-maleamic, SBA-maleamic-Cu, SBA-imidazoline and SBA-imidazoline-Cu in 

bacterial suspensions were incubated at 37 ºC during 1 hour with a dose of 100 μL of 

the synthesized materials at the determined MIC concentration (Figure 10). The 

materials were able to stimulate the generation of ROS in S. aureus and E. coli. The 

highest increase in ROS was obtained with SBA-maleamic-Cu in both studied strains. 

Interestingly, the increase in ROS with the studied materials was lower in E. coli than in 

S. aureus, in contrary to that found for other copper-containing silica-based materials 

reported by our group [21]. This indicates that the type of material (MSN or SBA-15) has 

an influence on the ROS production in bacteria. It is important to note that, for the case 

of copper-functionalized materials the increase of ROS generation is higher than their 

analogues functionalized only with the ligands maleamic or imidazoline. Of special 

importance is the capacity of ROS generation of the material SBA-maleamic-Cu, which 

is able to increase ROS production in S. aureus to 427% and in E. coli to 387% with 

respect to the control. The capacity of ROS generation by SBA-imidazoline-Cu is slightly 

lower with values of 373% and 324% in S. aureus and E. coli, respectively. When 

compared with similar systems based on MSN [21], the materials reported here increase 

the ROS production by almost three times. The ROS production might be a consequence 

of an electrochemical process mediated by Cu(II)/Cu(I) ions, as the potential reduction 

of the metal centre may induce the formation of oxidative species. A similar behavior for 

copper(II) complexes was recently reported by other authors, confirming the ability of 

copper(II) centres to get reduced to copper(I) leading to generation and dismutation of 

superoxide radicals resulting in an increase of ROS [61–63]. However, this might not be 

the only reason for the generation of ROS. When analyzing the photoluminescence 

spectrum of the most active material SBA-maleamic-Cu, a low intensity emission peak 

was found at 361 nm (See Figure S3 of supplementary material). Thus, one cannot 

completely rule out a photophysical process as a potential inductor of part of the ROS 

production of the copper-functionalized nanostructured systems. 
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3.5. Electrochemical binding study of Cu-functionalized materials with 

biomolecules of interest  

Even though the results obtained in the ROS generation studies seem to point towards 

a bactericidal mechanism based on oxidative stress induction, additional electrochemical 

studies were carried out in order to determine if the synthesized materials are able to 

bind with lysine or alanine as these are aminoacids implicated in the peptidoglycan 

synthesis of the bacterial membrane [64].  

Furthermore, our electrochemical study was also extended to glutathione, because the 

perturbation of the metabolism of this tripeptide in different bacteria may lead to its death 

[65–67]. Combination antibacterial therapy based on antibiotic and exogenous 

glutathione administration is an alternative current approach for treating bacterial 

infections [68–70]. 

In this context, we initially studied, by electrochemical methods, the binding behaviour of 

the most active material SBA-maleamic-Cu with alanine, lysine and glutathione, to 

determine if these materials bind to the molecules and have the potential to interact or 

inhibit the peptidoglycan synthesis and / or the glutathione bacterial metabolism. Thus, 

we designed a set of experiments to gain insights into the transportation processes and 

binding behaviour of copper complexes grafted onto hybrid mesoporous silica 

nanoparticles. This study has been undertaken by mimicking physiological media and 

studying the interaction of copper-functionalized silica-based materials with lysine and 

alanine and glutathione by means of solid state voltammetry techniques.  

Taking into account the previous studies on this topic, in this section, electrochemical 

biosensor techniques have been employed in the investigation of drug-biomolecule 

interactions, cyclic voltammetry (CV) and differential pulse voltammetry (DPV) 

measurements have been performed and the experiments have been carried out at room 

temperature, using a three-electrode-single compartment electrochemical cell with a 

modified carbon paste as the working electrode, a Ag/AgCl/KCl 3 M the reference 

electrode and a platinum rod counter electrode. A modified carbon paste with SBA-

functionalized materials has been used as the working electrode.  

The first part of the electrochemical study was focused on the characterization of the 

material SBA-maleamic-Cu. Thus, CV was recorded for SBA-maleamic-Cu in the limits 

imposed by the solvent (Figure 11). When scanning from +1.0 to -1.5 V only one signal 

was observed at -1.06 V (vs Ag/AgCl) without any associated signal in the reversed scan. 

This irreversible redox process was attributed to the two electron reduction of Cu(II) 

coordinated simultaneously to maleamic ligand and bipyridine (and tethered to the silica 
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surface) to give Cu(0). It is important to note that electrochemical studies performed by 

Farias and co-workers [71] for salen-Cu(II) complexes in solution with a controlled 

growing mercury electrode (CGME) and in a buffer phosphate electrolyte medium 

showed several current peaks attributed, among others, to the quasireversible reduction 

process of Cu(II) to Cu(I) at -0.53 V and to the irreversible reduction of Cu(I) to Cu(0) at 

-1.0 V s. In addition, Mureseanu and coworkers [72] have designed a carbon paste 

electrode modified with mesoporous silica functionalized with the tripeptide Gly-Gly-His 

for copper (II) quantitative determination in aqueous media. When measuring the CV of 

Cu (II) solutions in Britton Robinson buffer, they observed a clear influence of the pH in 

the Cu(II)/Cu(0) redox couple, concluding that the current intensity decreases with 

increasing values of pH and that this signal is poorly defined at pH 7. These examples 

give evidence of the difficulty in comparing the redox processes attributed to copper 

complexes due to the different electrolyte, working electrode, pH, etc. used in the 

experiments.  

In order to investigate the electrochemical properties of the tethered copper complex, we 

studied the influence of the scan speed. The cathodic peak current linearly increases on 

increasing the scan rate and the position of the peak slightly shifts towards more negative 

potentials. A linear variation of peak current with square root of scan rate is observed 

(Ired = -5.10-7-5.10-7(v1/2) R2 = 0.9906) suggesting that the process is diffusion controlled, 

in this case, by the counter ion diffusion, since the reduction process of copper requires 

a charge balance by an electrolyte cation.  

This behaviour was confirmed by differential pulse voltammetry. Figure 12 shows the 

voltammogram recorded immediately after the immersion in the aqueous buffer 

phosphate electrolyte solution. As observed, one cathodic peak at -1.06 V assigned to 

the reduction of the copper complex attached to the silica surface appeared in the 

voltammogram. This peak remains constant in the timescale used in the experiments, 

suggesting the stability of the supported copper-maleamic-bipyridine complex in 

aqueous media. When the electroactivity of the material without copper SBA-maleamic 

is measured by cyclic voltammetry and differential pulse voltammetry, any comparable 

signals are observed in the limits imposed by the reduction of the solvent (See Figure 

S4 of supplementary material).  

Once the electrochemical behaviour of the material SBA-maleamic-Cu in physiologic 

media was analyzed, the second part of the electrochemical study was focused on the 

determination of the binding behaviour as the use of electrochemical techniques in the 

study of metallodrugs-biomolecules interactions is very interesting due to the 

resemblance between electrochemical and biological reactions. The electrochemical 
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methods are extremely sensitive and are mainly based on the differences in the redox 

behaviour of the binding molecules in the absence and presence of target molecules 

including the shifts of the formal potential of the redox couple and the decrease of the 

peak current resulting from the dramatic decrease in the diffusion coefficient after 

association with the molecule under study in solution phase.  

Firstly, differential pulse voltammetry measurements were used to study the binding 

ability of immobilized copper complexes towards the aminoacids lysine and alanine and 

the peptide glutathione as models of target molecules for the copper containing materials 

inside the cells.  

Figure 12A shows the DPV recorded as a function of time of the modified carbon paste 

electrode with SBA-maleamic-Cu in the presence of a solution of lysine 4.0 mM in buffer 

phosphate at pH 7.4 as electrolyte. As observed in the voltammograms, in the presence 

of lysine 4.0 mM a new peak at -1.12 V appeared immediately after immersion of the 

electrode into the amino acid buffered solution. This new peak is shifted to lower potential 

values in comparison to that of SBA-maleamic-Cu and shows lower peak current 

intensity. This signal does not decrease with time, instead, it reaches a constant peak 

current immediately after contact with the electrode surface of the highly concentrated 

solution of lysine used in this essay, suggesting the formation of a copper-lysine adduct 

and the saturation of the copper active sites. After 10 minutes of the adsorption 

experiment, the copper-modified carbon paste electrode was removed from the lysine 

solution and the surface thoroughly washed with ultrapure water. A new measurement 

by using pure buffer phosphate as electrolyte showed that the initial signal at -1.06 V 

was not restored, instead, a much less intense peak and new additional signals at much 

more positive potentials appeared, suggesting the existence of copper leaching 

processes from the silica surface to the solution. 

Since the initial activity of the electrode surface could not be restored after washing the 

surface, we decided to study the dependence of the influence of lysine-material with the 

concentration in terms of % of copper peak height change calculated by Equation 1. Due 

to the time dependent behaviour of the signals at lower lysine concentration values, a 

constant preconcentration time of 5 minutes was chosen to guarantee the formation of a 

potential SBA-maleamic-Cu···Lysine adduct under all concentration values used in the 

study.  

 

%Interaction =
Icomplex−drug−Icomplex

Icomplex
× 100      (Eq. 1) 
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As recorded in Table 3, the amount of lysine in solution showed a clear influence on the 

copper reduction peak height, that is, there is a decrease in the copper current peak on 

increasing the concentration of lysine in solution within the concentration range of 0.5 to 

2.0 mM. At concentrations higher than 2.0 mM, the interaction Cu-lysine at the electrode 

surface is limited by the saturation of the metal active sites.  

A very similar tendency to that observed above for lysine was observed when 

considering the effect of concentration of alanine and glutathione. The current peak 

decrease is more important with more concentrated solutions of the biomolecules (See 

Figure 12B and Figure 12C, and Figures S5 and S6 of supplementary material).  

In the same manner a study was conducted for alanine and the peptide glutathione. The 

material SBA-maleamic-Cu showed a significant shift of the potential value from -1.06 V 

to -1.10 V in the presence of alanine 2 mM, which indicates the formation of a stable 

adduct. At similar glutathione concentration the observed shift is nearly negligible. In 

previous studies, as suggested by Melendez and co-workers, equation 2 was used to 

estimate, in a semiquantitative manner, the interaction between the metal complex and 

the target molecule, since the potential is more sensitive to the coordination environment 

than current [73–75].  

 

%Interaction =
Ecomplex−drug−Ecomplex

Ecomplex
× 100      (Eq. 2) 

 

As recorded in Table 4 the calculated interaction % based on potential peak change is 

higher for both aminoacids than that found for the tripeptide glutathione. When 

comparing both aminoacids lysine and alanine, the interaction % is slightly higher for 

lysine in all the studied concentration range. This behaviour can be explained in terms 

of copper complex stability, as the binding constant values found in previous reports for 

copper complexes follow the order [Cu(Lys)2] (log )  [Cu(Ala)2] (log ) > [Cu(bipy)3] (log 

K1), which supports the fact that a ligand exchange reaction may take place [76–79], 

leading to decoordination of bipyridine and formation of [Cu(aminoacid)2] soluble species 

(Scheme 4). Furthermore, in the case of glutathione one can imagine that the higher 

steric hindrance imposed by this tripeptide is the reason for a significant lower interaction 

value with the copper-containing material SBA-maleamic-Cu (Table 4). 

The proposed decoordination of bipyridine and formation of the soluble copper 

complexes would also validate the impossibility of restoring the signal of Cu(II) found 
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after removal of the copper-modified carbon paste electrode from the aminoacid or 

peptide solution and surface washing, because a leaching of Cu(II) ions occurs during 

the interaction studies (Scheme 4). 

 

4. Conclusions 

In conclusion, two different copper-functionalized SBA-15-based materials containing 

the ligands triethoxysilylpropylmaleamic acid (maleamic) or triethoxy-3-(2-imidazolin-1-

yl)propylsilane (imidazoline) have been synthesized and characterized by a wide variety 

of methods observing that in both cases the functionalization with the copper complex 

takes place mainly inside the pores of the mesoporous system. Interestingly the material 

SBA-maleamic-Cu contains a much lower quantity of copper of ca. 3.6 %, while the 

system based on the imidazoline ligand had a much higher functionalization of ca. 

12.3%. 

The antimicrobial activity of all the synthesized materials was studied against S. aureus 

and E. coli, observing that, in spite of the lower quantity of copper, the material SBA-

maleamic-Cu (MIC and MBC values for SBA-maleamic-Cu of ca. 31.25 μg/mL, which 

correspond with ca. 1.13 μg/mL of Cu) has a higher antibacterial activity than its 

analogue SBA-imidazoline. The antibacterial properties of the studied materials seem to 

come from the promotion of a high oxidative stress, as the materials SBA-maleamic-Cu 

and the SBA-imidazoline-Cu were able to increase the ROS production in S. aureus by 

ca. 4 times, respectively, while the increase was slightly lower in E. coli. The ROS 

generation appears to come from electrochemical processes associated with copper, 

rather than from a photophysical activation with light. 

In spite of the fact that the ROS generation studies seem to point towards a bactericidal 

mechanism based on oxidative stress induction, additional electrochemical studies 

showed a high binding ability to lysine and alanine, which led to the leaching of the 

copper metal centres to the physiologic medium, presumably by formation of 

[Cu(aminoacid)2] species, confirming the potential ability of these materials to interfere 

in the peptidoglycan synthesis as an alternative antibacterial mechanism. Finally, the 

binding ability of the system was tested with glutathione, observing a much lower binding 

capacity compared with that of alanine or lysine, indicating, therefore, a low potential of 

the material SBA-maleamic-Cu to interfere in the glutathione metabolism inside the 

bacteria. 

Thus, the current efforts of our research team will be focused on determining the most 

attractive ligands and copper complexes to enhance and improve antimicrobial 
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properties against different bacterial colonies and biofilms, with the final goal of obtaining 

more effective materials which can overcome the problems of bacterial resistance critical 

for future antibacterial therapies. 

 

Table of Abbreviations 

ATCC - American Type Culture Collection 

BET - Brunauer–Emmett–Teller 

BJH – Barrett, Joyner and Halenda 

CGME - Controlled growing mercury electrode 

CP – Cross polarization 

CPE – Carbon paste electrode 

DCFDA - 2',7'–dichlorofluorescin diacetate 

DPV – differential pulse voltammetry 

DR-UV – Diffuse reflectance Ultraviolet 

FDA – Food and Drug Administration 

Imidazoline – triethoxy-3-(2-imidazolin-1-yl)propylsilane (imidazoline)  

IUPAC – International Union of Pure and Applied Chemistry 

Maleamic – triethoxysilylpropylmaleamic acid 

MAS – Magic Angle Spinning 

MBC - Minimum Bactericidal Concentration 

MCPE – Modified Carbon Paste Electrode 

MIC - minimum inhibitory concentration 

MSN – Mesoporous Silica Nanoparticles 

NMR – Nuclear Magnetic Resonance 

PTFE - Polytetrafluoroethylene 

ROS – Reactive Oxygen Species 

SBA – Santa Barbara Amorphous 

SEM – Scanning Electron Microscope 

TEM – Transmission Electron Microscope 
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TEOS – Tetraethylorthosilicate 

TG – Thermogravimmetry 

UV – Ultraviolet 

XRD – X-ray diffraction 

XRF – X-ray fluorescence 
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Figures and Schemes 

 

Figure 1. XRD diffraction patterns of SBA-15, SBA-maleamic and SBA-maleamic-Cu 
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Figure 2. Nitrogen adsorption/desorption isotherms of SBA-15, SBA-maleamic-Cu and 
SBA-imidazoline-Cu 
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Figure 3. SEM and TEM images of unmodified SBA-15  

 

 

  



34 

Figure 4. 29Si MAS NMR spectra of SBA-15, SBA-maleamic, SBA-maleamic-Cu, SBA-
imidazoline and SBA-imidazoline-Cu 
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Figure 5. 13C CP MAS NMR spectra of SBA-maleamic-Cu (up) and SBA-imidazoline-Cu 
(down) 
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Figure 6. DR-UV spectra of a) SBA-maleamic and SBA-maleamic-Cu and b) SBA-
imidazoline and SBA-imidazoline-Cu 
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Figure 7. SEM images of a) SBA-15-maleamic-Cu and b) SBA-15-imidazoline-Cu 
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Figure 8. EDX mapping of a SEM image of SBA-imidazoline-Cu showing the distribution 

of Si, O and Cu atoms on the external surface area of the material. 
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Figure 9. TEM images of a) SBA-15 maleamic-Cu and b) SBA-15-imidazoline-Cu 
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Figure 10. Percentage reactive oxygen species (ROS) increase induced in bacterial 

suspensions incubated with 100 μL of the synthesized materials SBA-15, SBA-

maleamic, SBA-maleamic-Cu, SBA-imidazoline and SBA-imidazoline-Cu at MIC (the 

study was carried out in triplicate the assays were performed at least in triplicate and 

data are expressed as means ±SD and analyzed by the Student’s t-test. *p<0.05 respect 

to control and #p<0.05 respect to the complex without copper) 
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Figure 11. Cyclic voltammogram of SBA-maleamic-Cu carbon paste modified electrode 

in buffer phosphate at PH 7,4 vs Ag/AgCl,KCl(3M) scanned from +1.0 to -1.5V (scan 

speed from 10 to 500 mV/s) 
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Figure 12. Differential pulse voltammogram of SBA-maleamic-Cu carbon paste modified 

electrode in buffer phosphate at pH 7.4 vs Ag/AgCl,KCl (3M) (scanned from +1.0 to -

1.5V) and in the presence of lysine (A) 4, (B) 2 and (C) 0.5 mM 
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Scheme 1. Synthesis of a) SBA-maleamic and b) SBA-imidazoline 
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Scheme 2. Synthesis of a) SBA-maleamic-Cu and b) SBA-imidazoline-Cu 
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Scheme 3. Decoordination of bipyridine and formation of a copper complex of the type 

[Cu(lysine)2] upon reaction of the copper-modified material SBA-maleamic-Cu with 

alanine in solution. 
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Tables 

 

Table 1. XRD data of SBA-15, SBA-maleamic, SBA-maleamic-Cu, SBA-imidazoline and 
SBA-imidazoline-Cu 

Material (hkl) 2ϴ(˚) dhkl(Å) ao(Å) 

SBA-15 

100 0.989 89.292 103.106 

110 1.688 52.343  

200 1.957 45.139  

SBA-maleamic 100 0.986 89.514 103.362 

SBA-maleamic-Cu 100 1.012 87.186 100.674 

SBA-imidazoline 
100 1.063 83.137 95.998 

110 2.026 43.615  

SBA-imidazoline-Cu 
100 1.085 81.391 93.982 

110 2.041 43.277 
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Table 2. Textural parameters (determined by nitrogen adsorption-desorption isotherms) 
and quantity of Cu (determined by XRF) of SBA-15, SBA-maleamic-Cu and SBA-
imidazoline-Cu 

Material BET 
Surface 
(m2/g) 

Pore 
Volume 
(cm3/g) 

Pore 
Diameter 

(nm) 

% Cu 
(Determined 

by XRF) 

mmol Cu / 
gram of 
material 

SBA-15 763 0.74 6.55   

SBA-maleamic-Cu 150 0.11 3.15 3.6 0.56 

SBA-imidazoline-Cu 142 0.18 4.71 12.3 1.94 
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Table 3. Minimal inhibitory concentration (MIC) and minimal bactericidal concentration 
(MBC) values of SBA-15, SBA-maleamic, SBA-maleamic-Cu, SBA-imidazoline and 
SBA-imidazoline-Cu against Staphylococcus aureus and Escherichia coli. Data in 
brackets refer to MIC or MBC values in µg/mL of Cu. 

Material / Bacteria Staphylococcus aureus 
ATCC 29213 

Escherichia coli  
ATCC 25922 

MIC µg/mL MBC µg/mL MIC µg/mL MBC µg/mL 

SBA-15 >250 >250 >250 >250 

SBA-maleamic 125 250 125 125 

SBA-maleamic-Cu 31.25 [1.13] 62.5 [2.26] 31.25 [1.13] 31.25 [1.13] 

SBA-imidazoline 125 125 62.5 62.5 

SBA-imidazoline-Cu 62.5 [7.69] 125 [15.38] 31.25 [3.85] 62.5 [7.69] 
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Table 4. Change in potential (a) and current (b) for the electrochemical interaction of 
SBA-15-Maleamic-Cu vs Lysine, Alanine and Glutathione after surface electrode 
saturation (5 minutes time) in aqueous phosphate buffer pH 7.4 

 

Concentration 
(mM) % ΔI % ΔE 

Lysine 

4 47 3.2 

2 53 5.0 

1 35 3.2 

0.5 4 4.4 

Alanine 

2 47 2.3 

1 44 2.5 

0.5 21 0.7 

Glutathione 

2 33 0.2 

1 43 1.5 

0.5 6 0.2 

 

 


