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HIGHLIGHTS

e Silsesquioxane 3-n-propylpyridinium chloride (SiPy*CI") was synthesized.
e Copper functionalization of SiPy*Cl-was performed to obtain Cu-SiPy*CI.
e Antimicrobial and cytotoxic effects of SiPy*Cl- and Cu-SiPy*Cl- were demonstrated.

e Cu-SiPy*CI shows a promising use in oral care products.

Abstract: Silsesquioxane 3-n-propylpyridinium chloride (SiPy*CI’) is a water-soluble polymer that can be
used as a promising material with remarkable biological effects. SiPy*Cl" can form thin films on substrate
surfaces and shows suitable adhesiveness. Besides, it has high affinity for metal ions. Considering this effect
as exchanger polymer and the well-known antimicrobial and cytotoxic features of copper, the aim of this study
was to perform the copper functionalization of silsesquioxane 3-n-propylpyridinium chloride Cu-SiPy*CI". The
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SiPy*Cl- was obtained by the sol-gel processing method and the incorporation of copper () chloride was
carried out by immobilization. Its characterization was performed by spectroscopic methods of Fourier-
transform infrared spectroscopy (FTIR) and nuclear magnetic resonance (NMR). The FTIR spectrum of
SiPy*CI showed symmetric and asymmetric stretching of Si-O-Si group and also exhibited vibrational bands
of pyridinium ring. The FTIR spectrum of Cu-SiPy*Cl™ assigned typical bands displacements of the metal
coordination to nitrogen atoms. Spectroscopic data recorded by *C and S NMR confirmed the chemical
structures of SiPy*Cl and Cu-SiPy*CI'. Concerning to the in vitro susceptibility assay, the antimicrobial activity
against Staphylococcus aureus, Escherichia coli and Streptococus mutans was achieved by the agar-well
diffusion method. Cu-SiPy*CI- showed similar cytotoxicity than SiPy*Cl- against Calu-3 and 3T3 cell lines by
the MTT colorimetric assay. Further studies are required to investigate the use of Cu-SiPy*Cl- as a novel
dental material.

Keywords: antimicrobial activity; cell viability; copper functionalization; novel dental materials.

INTRODUCTION

Silsesquioxane 3-n-propylpyridinium chloride (SiPy*Cl") is a water-soluble and film-forming polymer.
SiPy*Cl can form a stable thin film on substrate surfaces such as aluminum oxide, cellulose fibers, silica gel,
and glass surfaces [1,2]. This organosilicate also shows suitable adhesion and ion adsorption features, which
provide highly desirable multifunctional physicochemical properties and remarkable applications [3]. Some
studies have investigated its use as adsorbent material [4] for preparing electrodes [5,6] and sensors [7].
Besides, SiPy*Cl can undergo structural changes for obtaining organic-inorganic hybrid compounds, which
play an important role in providing a chemical platform for discovery of novel materials [3].

The development of low costing, safe, and effective antimicrobial products for hygienic, dental, or medical
purposes in textiles, devices, and surgical instruments is of growing interest [3]. Recent studies in
microbiology have focused on copper and its use as antimicrobial ion in health care [8]. The antimicrobial
effect of copper has been well known [9] by contributing to the reactive oxygen species formation and inducing
lipid peroxidation in bacterial membranes. Also, the disruption of bacterial enzymes and cell membranes can
be achieved by positively charged polymers, with less susceptibility of bacterial resistance and cytotoxicity
[10].

In that sense, the broad-spectrum antimicrobial properties of a novel organic-inorganic hybrid compound
containing the SiPy*Cl organosilicate and the copper seems to be an innovative improvement in the battle
against health care-associated infections [8]. However, to the best of our knowledge, no previous paper was
devoted to study the copper-functionalized SiPy*Cl- and its antimicrobial and cytotoxic in vitro effects since
this novel compound may be further used for improving the clinical performance of antibacterial supplies for
health and oral care [11].

The aim of this study was to perform the synthesis and the characterization of a copper-functionalized
silsesquioxane 3-n-propylpyridinium chloride in order to investigate its in vitro antibacterial and cytotoxic
properties.

MATERIAL AND METHODS

Synthesis of silsesquioxane 3-n-propylpyridinium chloride

The silsesquioxane compound known as SiPy*Cl- was prepared by the sol-gel processing method [5]. In
brief, the synthesis consisted of the acid prehydrolysis of tetraethyl orthosilicate (Sigma-Aldrich, St. Louis,
MO, USA) in water-ethanol solution followed by the incorporation of the pyridinium organic group (pyridine
anhydrous, 99.8% pure, Sigma-Aldrich, St. Louis, MO, USA) according to the procedure previously described
in the literature [12,13]. All reagents were analytical grade with no further purification. The water-ethanol
solution was prepared with water from a Millipore Milli-Q system (Merck Group, Darmstadt, Germany). The
schematic procedure to obtain the ion exchanger polymeris summarized in Figure 1.
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Figure 1. Synthesis scheme of the silsesquioxane 3-n-propylpyridinium chloride.

Copper functionalization of silsesquioxane 3-n-propylpyridinium chloride

The incorporation of copper (Il) chloride into SiPy*Cl- was performed by immobilization considering that
the exchange capacity of SiPy*Cl is 2.8 mmol.g?, which allows the immobilization of 1.4 mmol.g* of Cu?*.
The SiPy*CI organosilicate (1.007 g, 0.2 mmol.g?') was weighed and was added to the aqueous copper (II)
chloride solution (0.237 g of CuCl,.2H;0, 0.1 mmol.g?, MW = 170.48 g.mol?). The final solution was
magnetically stirred at room temperature (20 + 2°C) for 48 h to obtain the copper-functionalized product Cu-
SiPy*CI.

Characterization of copper-functionalized silsesquioxane 3-n-propylpyridinium chloride

Fourier-transform infrared spectroscopy (FTIR)

The Fourier-transform infrared spectra of SiPy*CI~ and Cu-SiPy*Cl were recorded from 4000 to 400 cm~
! on a Shimadzu IR Prestige-21 spectrophotometer (Kyoto, Japan) using KBr pellets with 32 scans and
resolution of 4 cm™.
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Nuclear magnetic resonance (NMR) spectroscopy

For structural elucidation, solid state *C and ?°Si NMR experiments were performed on a Bruker 400
MHz spectrometer (Bremen, Germany) using a standard Magic Angle Spinning (MAS) probe 4 mm at room
temperature. The strong static magnetic field is BO = 9.4 T and the corresponding resonant frequencies for
25ij, 13C, and *H were 79.488 MHz, 100.625 MHz, and 400.132 MHz, respectively. The SiPy*Cl and Cu-
SiPy*Cl- samples were placed on zirconia rotors and were spun at 13 kHz.

The 3C NMR spectra were obtained using the Variable Amplitude Cross Polarization-Magic Angle
Spinning (VACP-MAS) technique. The main parameter values of this pulse sequence were the contact time
of 1 ms, the recycle time delay of 3 s, the number of scans of 20,400; and the acquisition time of 15.98 ms.
The external pattern used was the CH; carbon of the glycine (8iso = 43.5 ppm) [14].

The 2°Si spectra were obtained using Direct Polarization-Magic Angle Spinning (DP-MAS) NMR using
as the main parameter values: the time pulse of 2 ps, the recycle time delay of 1 s, the number of scans of
76,400; and the acquisition time of 16.58 ms. The external pattern used was kaolinite (&iso = —91.5 ppm) [15].

In vitro antibacterial screening assay

The antimicrobial potential of SiPy*Cl- and Cu-SiPy*Cl~ was investigated using agar-well diffusion
method. Tests were carried out in triplicate containing n = 5 per assay and the chlorhexidine digluconate
(Sigma-Aldrich, St. Louis, MO, USA) was used as positive control. For Streptococcus mutans (ATCC 25,175),
plates containing Mueller-Hinton agar with 5% sheep blood were inoculated with the bacterial strains from a
previously standardized inoculum suspension at 5x10° CFU.mL? that achieved the turbidity of the 0.5
McFarland standard by swab streaking. Wells of 7 mm diameter were placed on agar plates and 0.5, 1.0;
and 2.0% of SiPy*CI~ and Cu-SiPy*CI- were added to the wells [16,17]. These plates were incubated under
microaerophilic conditions for 24 h at 35 + 0.5°C. For Escherichia coli (ATCC 25,925) and Staphylococcus
aureus (ATCC 25,923), the assays were performed in sterile Mdieller-Hinton agar and under aerobic
conditions [18]. The zone of growth inhibition was measured in millimeters. One-way ANOVA with Tukey’s
post-hoc test (p < 0.05) for multiple comparison was used considering the mean growth inhibition zone
diameter resulted from the antibacterial activity.

In vitro cell culture-based assay

Cell culture

Calu-3 and 3T3 cell lines were cultured in RPMI 1640 medium at pH 7.4 containing 5% fetal bovine
serum, supplemented with 24 mmol.L*? sodium bicarbonate, 2 mmol.L? L-glutamine, 1 mmol.L*? sodium
pyruvate, 10,000 U.L* penicillin, and 10 mg.L? streptomycin. Cultures were maintained in a humidified oven
at 37°C with 5% CO; atmosphere.

Cell treatment

Calu-3 and 3T3 cells were seeded in 96-well plates at a density of 1.5 x 10* cells.well* and incubated
for 24 h in culture medium. For evaluating the cytotoxicity, cell lines were incubated with the samples SiPy*CI~
and Cu-SiPy*ClI- at 50, 250, 500, 1000, and 2000 pg.mL™ for 72 h at 37°C with 5% CO_ atmosphere. Tests
were obtained using serial dilution procedure (when possible) and were performed as four independent
experiments containing n = 4 per assay.

Cell viability by methylthiazolyldiphenyl-tetrazolium bromide (MTT) test

After 72 h of the treatments, 200 uL of a MTT solution at 0.5 mg.mL™* was added to the wells following
a standard method [19]. The cultures were then incubated at 37°C for 2 h, protected from light, until the
presence of formazan crystals. The supernatant was then removed. For the solubilization of these crystals,
200 uL of dimethyl sulfoxide was added [20]. The spectrophotometric absorbance reading was performed at
a wavelength of 550 nm in a pQuant microplate reader (BioTek, Winooski, VT, USA). In order to calculate
the cell viability, Equation 1 was used.

absorbance of test

Cell viability (%) =

x 100 (1)

absorbance of control
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RESULTS AND DISCUSSION

Synthesis and characterization of silsesquioxane 3-n-propylpyridinium chloride and copper-
functionalized silsesquioxane 3-n-propylpyridinium chloride

The SiPy*Cl- synthesis and its cooper functionalization to obtain Cu-SiPy*Cl- were successfully
performed. These materials showed powder aspect with white and bright yellow colors, respectively. These
compounds were then characterized by FTIR and NMR in order to confirm their chemical structures.

Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra performed for SiPy*Cl- and Cu-SiPy*CI~ are shown in Figure 2. The FTIR spectrum
consisted of absorption bands that shows an intense and wide band at 1,082 cm™ and two other bands at
775 cm™ and 457 cm that are assigned respectively to the asymmetric and symmetrical stretch mode of the
Si-O-Si skeleton and the SiOSi deformation mode of the Si-O-Si group [21]. The spectrum also shows the
vibrational bands characteristic of the pyridinium ring in 1633 and 1489 cm™, whose values are similar to
those presented in the literature [22]. The FTIR spectrum of Cu-SiPy*Cl- presented bands of the pyridinium
ring showed a displacement, from 1633 and 1489 cm™ to 1631 and 1483 cm™, respectively. These changes
are typical of the coordination of the metal to the nitrogen atoms.

100 4 SiPy’CI 100 4 Cu-SiPy'Cr
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Figure 2. FTIR spectra of SiPy*CI~ and Cu-SiPy*CI~

Nuclear magnetic resonance spectroscopy

The 33C and #°S NMR spectral data confirmed the chemical structure of SiPy*CI-and its functionalization
with cooper.

The 3C solid-state NMR spectra for SiPy*Cl- and Cu-SiPy*Cl- are depicted in Figure 3. The main
chemical shifts for carbon signals were identified and labeled as C423'3 and Cq,p,y following the cartoon
sketched at the top of Figure 3. The signal at 10.26 ppm (and its shifted counterpart at 18.02 ppm) was
associated to the C; carbon which was near to the Si nuclei and the peak at 26.72 (and its shifted counterpart
at 31.40 ppm) corresponded to the C; carbon flanked on both sides by two carbon nuclei [1,21].
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Figure 3. The cartoon of the structural formula of the molecules related to the *C chemical environments
was sketched at the top. At the middle and at the bottom, the solid state **C (VACP-MAS) NMR spectra of
Cu-SiPy*CI- and SiPy*Cl~ samples were displayed, respectively. The asterisk symbol represented the
spinning sidebands.

The peak at 63.94 ppm (and its shifted counterpart at 68.20 ppm) was attributed to the modifier function
at the Cs carbon directly attached to nitrogen and the peak at 48.26 ppm corresponded to the C:3 carbon of
the 3-chloropropy! group bonded to silicon polymer [21,23]. The presence of this signal was an indication that
a small proportion of unreacted chloropropy! groups was still present in the SiPy*ClI™ silsesquioxane [21].

The signal value at 129 ppm (and its shifted counterpart at 142.90 ppm) was related to both C4 carbons
and the signal value at 145.10 ppm (and its shifted counterpart at 149.30 ppm) was assigned to both Cg
carbons and C, carbon [1,21]. Those *3C chemical shifts are summarized in Table 1.

Table 1. 13C chemical shifts of SiPy*CI~ and Cu-SiPy*Cl- samples

Chemical environment Chemical shift (ppm)
SiPy*CI™ Cu-SiPy*CI~ Reference [21]* Reference [1]*
1 10.26 18.02 9.4 10
2 26.72 31.40 25.4 26
‘3 48.26 —_— 49
3 63.94 68.20 63.9 65
A 129.10 142.90 129.2 129
B,y 145.10 149.30 145.1 145

* The carbon labeling was related to the cartoon molecule at the top of Figure 3. The chemical shifts were supported by
previous reports discussing similar (not the same) chemistry developments.
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A downfield, broad line and noise effects were highlighted as another collective signature of the **C
chemical shifts of Cu-SiPy*Cl sample. Those effects were generated by the proximity of electronegative
atoms in the bonding network. Any radical atom, molecule or ion (in this case the Cu?* ions) induced a
chemical shift of the spectral lines (in this case, the spectral lines were shifted at the left of the spectrum)
[24].

Typical 2Si NMR spectra of SiPy*CI- and Cu-SiPy*ClI" are presented in Figure 4. Their observed peaks
are showed in Table 2. The observed ?°Si chemical shifts for both samples were assigned to the silicon (bold
character) in the following environments: the 2°Si signal of the chemical environment
R-Si(OR")(OH)(OSi=) labeled by T, was identified at —49.87 ppm [1]; The 2°Si signal of the chemical
environment R-Si(OH)(OSi=), labeled by T; was identified at —-58.56 ppm; the 2°Si signal of the chemical
environment R-Si(=SiO); unit of silsesquioxane cluster labeled by T4 was identified at —67.85 ppm. Those
chemical shifts were related to chemical environments of the T’s kind for the 2°Si nuclei.

Three chemical environments of the Q’s kind were also observed. The chemical environment
(2Si0).Si(OH), was labeled as Q2 at —91.75 ppm. The main two peaks at —101.3 and —-110.8 ppm were
attributed to pure surface signals and corresponded to the chemical environments (=SiO);Si(OH) and
(=Si0),Si labeled as Q; and Qa, respectively [13].

4
1 Q: #%
I 3 | |
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Figure 4. At the top and at the bottom, the solid state 2°Si (DP-MAS) NMR spectra of Cu-SiPy*CI~ and SiPy*Cl- samples
was displayed, respectively.

Table 2 29Si chemical shifts of SiPy*"CI™ and Cu-SiPy*CI™ samples
Chemical Shift (ppm)

(E:IS\(/EiToIﬁ?rllent SiPy*CI~ Cu-SiPy*ClI~ Reference [13]* Reference [1]* Reference [21]*
T2 -49.87 -48.20 -49 -50
Ts -58.56 -57.10 -57 -58 -59
Ta -67.85 -66.35 -65 -68 -68
Q2 -91.75 -90.80 -86* -91
Qs -101.30 -101.30 -101 -101 -101
Q4 -110.80 -111.00 -110 -110 -111

* The silicon labeling and chemical shifts were supported by previous reports discussing similar (not the same) chemistry
developments.
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In vitro antibacterial screening assay

The antibacterial activity of SiPy*Cl and Cu-SiPy*Cl- was evaluated against gram-positive and gram-
negative bacteria using the well diffusion method. The zones of total growth inhibition expressed in millimeters
(mean + standard deviation) at different concentrations are summarized in Table 3 and Table 4, respectively.

Table 3. Antibacterial activity of SiPy*CI- by the agar well diffusion method.
SiPy*Cl (%)

0.5 1.0 2.0 Positive Control
Staphylococcus aureus 8.66 £ 1.15° 12.33 £ 0.582 13.67 +1.152 19.66 + 0.58
Escherichia coli 12.67 £ 1.522 18.00 + 1.00° 22.33 £ 0.60° 20.00 = 0.00
Streptococcus mutans 11.56 £ 0.572 15.67 + 0.58 18.00 * 1.00¢ 19.66 + 0.58

*Results were expressed as mean inhibition zone (1Z) diameter (mm) + SD of independent experiments in triplicate.
Different letters indicated a statistically significant difference (p <0.05) between the 1Z diameters for the studied bacterial
stains.

Table 4. Antibacterial activity of Cu-SiPy*Cl- by the agar well diffusion method.
Cu-SiPy*Cl (%)

0.5 1.0 2.0 Positive Control
Staphylococus aureus 10.67 £ 0.582 11.33+1.152 13.0 £ 1.642 19.66 + 0.58
Escherichia coli 12.0 £ 0.602 19.33 £ 0.57" 23.0 £1.00° 20.00 = 0.00
Streptococcus mutans 12.33 £ 1.152 16.00 £ 1.00° 19.67 £ 0.57¢ 19.66 £ 0.58

*Results were expressed as mean inhibition zone (1Z) diameter (mm) £ SD of independent experiments in triplicate.
Different letters indicated a statistically significant difference (p <0.05) between the IZ diameters for the studied bacterial
stains.

In general, SiPy*ClI' and Cu-SiPy*Cl provided a remarkable antibacterial effect against the tested
bacteria. At the higher concentration (2.0%), the antibacterial activity against E. coli and S. mutans was
similar to those observed for the positive control. The copper functionalization showed no incremental effect
on antimicrobial activity. The inhibitory effect on bacterial growth was dose dependent for the three assayed
stains.

The quaternary ammonium salt and the cooper content can perform bacterial death. SiPy*Cl- disrupted
cell membrane through the binding of their ammonium cations to anionic sites in the outer layer of bacteria.
Copper linked to amino sites positively charged and, i.e., formed protonated amino groups, and was attached
to the outer negatively charged lipid membrane and inserted itself into the inner leaflet of bacterial
membranes [25]. This interaction disrupted the surrounding lipid layers and triggered the leakage of
intracellular content [10,26].

In vitro cell culture-based assays

In order to design novel strategies for the management of microbial adherence and colonization in the
oral environment, it is essential to investigate the cytocompatibility of these materials [27,28]. In that sense,
Figure 5 represents the cell viability of Calu-3 and 3T3 cell lines in the presence of SiPy*Cl- and Cu-SiPy*CI
after 72 h.

SiPy*Cl provided a statistically significant reduction for both Calu-3 and 3T3 cell lines at concentrations
of 1000 and 2000 pg.mL?. The copper functionalization demonstrated the same cytotoxic effect for
Cu-SiPy*Cl- by reducing the cell viability at 1000 and 2000 ug.mL. Thus, the presence of copper did not
affect the cytotoxicity in relation to the raw material.

Dental self-etching adhesives are usually toxic to pulp cells by resulting in a 26-35% decrease in cellular
metabolic activity. LANZA et al. (2009) [29] evaluated through MTT the transdentinal diffusion and cytotoxicity
of commercially available self-etching adhesives against odontoblastic cells. It was observed that the
reduction in cell viability promoted by the self-etching systems ranged from 28-48%.
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Figure 5. Cell viability of Calu-3 and 3T3 cell lines by MTT assay after their treatment with SiPy*Cl and
Cu-SiPy*ClI-at different concentrations for 72h.

*Results are expressed as mean + standard error of the mean from 4 independent experiments (n=16). Asterisks denote
significance levels compared to control, p < 0.05.

Several studies have been used to evaluate the cytotoxicity of adhesive systems and their components.
These materials should not have harmful effects on dental structures by presenting biocompatibility combined
with durability [30] and by preventing bacterial infiltration and seal dental caries [31]. However, direct contact
of adhesive systems on the pulp tissue should be avoided due to these materials may cause an intense and
persistent inflammatory reaction on the pulp cells [31,32].

Additional cell viability tests of experimental adhesives containing SiPy*Cl- and Cu-SiPy*Cl should be
performed to assess whether there is leaching of the incorporated compounds and damage to dentin tissue.

CONCLUSION

The synthesis of SiPy*Cl-was successfully performed by the sol-gel processing method and the copper
functionalization Cu-SiPy*Cl was obtained by immobilization. The chemical structure of both compounds was
confirmed by FTIR and *C and ?°S NMR spectra.

Cu-SiPy*Cl demonstrated a similar antibacterial potential and cytotoxicity against Calu-3 and 3T3 than
SiPy*CI.

SiPy*Cl-and Cu-SiPy*Cl- can be further used in novel dental material in order to avoid microorganisms
with minimal invasive consequences.
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