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ARTICLE INFO ABSTRACT

Background: Microbial resistance to antibiotics has triggered the development of nanoscale materials as an alter-
native strategy. To stabilize these particles an inert support is needed.
Method: Porous nanomullite developed by sol-gel route is loaded with copper and silver nanoparticle by simple
adsorption method. These nanocomposites are characterized using XRD, FTIR, TEM, SEM, EDAX and UV-visible
spectrophotometer. Antibacterial activity of these nanocomposites against Gram positive and Gram negative
bacteria are performed by bactericidal kinetics, flow cytometry and MTT assay. The underlying mechanisms be-
hind the antimicrobial property and cell death are also investigated by EPR spectroscopy, intracellular ROS mea-
surement and [3-galactosidase assay. The cytocompatibility of the nanocomposites is investigated by cell viability
(MTT), proliferation (Alamar blue) and wound healing assay of mammalian fibroblast cell line.
Results: Nanocomposites show a fairly uniform distribution of metal nanoparticle within mullite matrix. They
show excellent antibacterial activity. Metal ions/nanoparticle is found to be released from the materials (CM
and SM). Treated cells manifested high intracellular oxidative stress and 3-galactosidase activity in the growth
medium. The effect of nanocomposites on mammalian cell line depends on exposure time and concentration.
The scratch assay shows normal cell migration with respect to control.
Conclusion: The fabricated nanoparticles possess diverse antimicrobial mechanism and exhibit good
cytocompatibility along with wound healing characteristics in mouse fibroblast cell line (L929).
General significance: The newly synthesized materials are promising candidates for the development of antimi-
crobial ceramic coatings for biomedical devices and therapeutic applications.
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1. Introduction

Excessive use of antibacterial agents like chemically modified natu-
ral compounds (penicillins, cephalosporins or carbapenems), pure nat-
ural products (aminoglycosides) and purely synthetic antibiotics lead to
the development of drug resistant microbes. These resistant pathogens
cause the emergence of diseases, which are difficult to diagnose and
control. This has prompted the development of alternative antimicrobi-
al agents such as nanoscale materials. Because of their extremely small
size and high surface to volume ratio, nanoparticles have increased
activity and interaction with microbial components. Additionally, the
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antimicrobial mechanism of metal nanoparticles is diverse, restricting
the easy development of microbial resistance [1].

Silver and its compounds are popular antimicrobial agents. Silver
nanoparticles are now used in a wide spectrum of consumer products
right from clothing, respirators, antibacterial sprays, detergent, socks,
shoes, etc. Silver based nanoparticles are being used in various forms
such as metallic silver nanoparticles, silver chloride particles, silver im-
pregnated zeolite, powders or polymer silver nanoparticle composites
[2]. Copper nanoparticles enjoy much attention because of their catalyt-
ic, optical, electrical and antifungal/antibacterial applications [3]. How-
ever, optimal use of metal nanoparticles as antibacterial agents is
limited due to their low stability like, light induced deactivation of silver
nanoparticles and aerial oxidation of copper nanoparticles. In addition,
nanoparticles tend to aggregate to larger particles reducing their perfor-
mance. Therefore, to increase the stability of these particles and reduce
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their toxic effect on human, a solid porous inert support is ideal, which
inhibits the aggregation, resulting in a slow and prolonged release for
long term and recurrent use. Moreover, these nanoparticle loaded sup-
ports provide the attachment sites for microbes, which then comes in
intimate contact with the surface adsorbed nanoparticles.

Mullite ceramic based antimicrobial agents are a new breed of mate-
rials, which have tremendous potential in the biomedical field due to
their non toxic nature, biocompatibility and high mechanical strength
[4]. Antibacterial biofilm activity of doped (zinc and silver) or adsorbed
(copper) mullite aggregates against Pseudomonas aeruginosa has al-
ready been established [5,6]. Therefore, we hypothesize that porous
mullite substrates are ideal for entrapping metal nanoparticles for anti-
microbial applications. In the present work, a porous nanocrystalline
mullite composite is synthesized by sol-gel process and is loaded with
copper and silver nanoparticles by simple adsorption. Antimicrobial
activity of these composites is then evaluated. Finally the biocompatibil-
ity and wound healing assays are performed in mammalian fibroblast
cell line for establishing its potentiality as antimicrobial ceramic coating
and for therapeutic applications.

2. Experimental
2.1. Materials

Aluminium isopropoxide (Loba Chemie), TEOS (Merck Germany),
Ethanol, Copper chloride dihydrate pure (CuCl,.2H,0) (>98% pure,
Merck, India), Silver Nitrate, Hydrazine hydrate (NH,NH,.H,0) (99%
pure, Merck, India), Cetyl Trimethyl Ammonium Bromide (CTAB), Beef
extract, Peptone, Yeast extract, Agar (Himedia Pvt. Ltd., India), 3(4,5-
dimethylthiazol-2-yl)—2,5-diphenyl tetrazolium bromide (MTT), ONPG
(SRL), SYBR® Green, Propidium iodide, 2’,7’-Dichlorofluorescin diacetate
(sigma-aldrich), Dulbecco's Modified Eagle's Medium (DMEM), trypsin-
EDTA, penicillin/streptomycin and fetal bovine serum (Gibco, Invitrogen,
USA), Alamar blue dye (AbD Serotec, UK), Tissue culture grade polysty-
rene flasks and cell culture plates (Tarsons, India). Bacterial cultures
(Staphylococcus aureus MTCC-96 and Escherichia coli, MTCC-1652)
were procured from Microbial type cell culture (MTCC) Chandigarh,
India.

Mouse fibroblast cell line-L929 was obtained from the National
Centre for Cell Science, Pune, India.

2.2. Methods

2.2.1. Synthesis of nanoporous mullite

Mullite was synthesized by sol-gel process using aluminium
isopropoxide and tetra ethyl ortho silicate (TEOS) as starting material
[7]. Briefly 15.32 g of aluminium isopropoxide was dispersed in ethanol
(99.99% pure) and mixed by stirring in a magnetic stirrer. This was
followed by addition of 5.21 g of TEOS with a micropipette and the stir-
ring is continued for 24 h at 35 °C. The solution was then stirred for 2 h
at 60 °C and thereafter hydrolyzed by adding 20 ml of distilled water.
The gel thus obtained was dried at 70 °Cin the oven. The mullite precur-
sor thus formed was powdered by crushing and was sintered at 1300 °C
in the furnace for 4 h.

2.2.2. Synthesis of copper and silver nanoparticle

Copper and silver nanoparticles were synthesized by reduction of
copper chloride and silver nitrate respectively with hydrazine hydrate
using 0.1 M CTAB as coating agent. Ammoniacal copper chloride
[Cu(NHs)4(H,0),]** was prepared by dropwise addition of ammonia
solution to 0.1 M copper chloride solution (in deionized water) until a
transparent blue solution was formed (pH ~ 10). 0.1 M silver nitrate
was used for the preparation of silver nanoparticles. In a test tube
600 pl of the CTAB stock was mixed with 20 pl of hydrazine. To the reac-
tion mixture 150 pl of copper complex solution and silver nitrate solu-
tion was added in stirring condition. The volume was adjusted to 6 ml

with deionized water. The reaction was carried out in inert nitrogen at-
mosphere to minimize aerial oxidation. The mixture was then allowed
to stand for 30 min. The appearance of wine red color solution indicated
the formation of copper nanoparticles. For silver nanoparticles the reac-
tion was much faster. Transparent yellow colored solution appeared im-
mediately after the components were added, indicating the formation of
silver nanoparticles.

2.2.3. Synthesis of porous mullite-nanoparticle composite

Porous mullite with copper and silver nanoparticle composite was
synthesized by mixing the nanoparticles with mullite nanoparticles
dispersed in water. Initially 400 mg of mullite was dispersed in 20 ml
of distilled water by stirring for 30 min at room temperature. To the
dispersion, 12 ml of the synthesized copper and silver nanoparticles
was separately added and was then further stirred for 1 h. The suspen-
sion was then centrifuged at 15,000 g for 10 min and washed three
times with distilled water to remove the free CTAB. The pellet obtained
was dried in vacuum and copper nanoparticle-mullite (CM) and silver
nanoparticle-mullite (SM) were obtained. The nanocomposites were
stored in normal laboratory conditions for 3 months after which the
following experiments were performed.

2.24. X-ray diffraction (XRD)

Powder X-ray diffraction (XRD) patterns were recorded using a
Bruker AXS (Model D8, WI, USA) setup with CuKa radiation (1.5409 A)
and scan speed of 5 min~ ' and scanning range from 10° to 70° (26).

2.2.5. Fourier transform infrared spectroscopy (FIIR)

Fourier transform infrared spectroscopy was performed by FTIR-
8400S model Shimadzu, Tokyo. Samples were prepared by KBr disk
method [8], in which 0.2 g of KBr (spectroscopy grade) was thoroughly
mixed with sintered sample powder (1% by weight of KBr) and then
made into disks by uniaxial pressing. Scanning range was set from 400
to 2000 cm™ ! under Happ-Genzel configuration.

2.2.6. UV-visible spectrophotometer
UV-visible spectrophotometer (Lambda 25, Perkin Elmer, USA) was
used to study the absorption spectra of the composite CM and SM.

2.2.7. Scanning electron microscopy, energy dispersive X-ray analysis
(EDAX) and BET

Morphological characteristics of the mullite were observed by scan-
ning electron microscope (SEM) model FEI Quanta 250 (USA) and
E-DAX analysis. A minute quantity of the sample was directly placed
on carbon coated grid, sputter coated with gold and then observed by
SEM. Surface area of CM and SM were determined by N, adsorption
using BET method (Beckman Coulter SA-3100 surface area analyzer,
USA).

2.2.8. Transmisson electron microscopy

The particle size of synthesized nanomullite was observed by JEM-
2100 HRTEM model. A minute quantity of the sample was dispersed
in water by sonication and observed under the microscope.

2.2.9. Antibacterial activity

2.2.9.1. Determination of MBC and MIC. The minimum inhibitory concen-
tration (MIC) was determined by treating approximately 107 CFU/ml
cells from overnight grown culture in log phase. E. coli (MTCC-1652)
and S. aureus (MTCC-96) were treated with 1-10 mg/ml of mullite
(M), CM and SM. The same process was also followed by treating bacte-
ria with 2 pl-300 pl/ml of synthesized copper and silver nanoparticles
to compare their effect with respect to the mullite as well as the nano-
composites. All the culture broths were incubated overnight at 37 °C.
MIC is defined by the concentration of the material that exhibits no vis-
ible growth.



3266

Minimum bactericidal concentration (MBC) was determined by
plating all the higher doses of the material showing no visible
growth above MIC. MBC is that concentration of the material
which kills almost 99% of the bacteria in nutrient agar plate after
24 h incubation while the untreated control was considered as
100%.

2.2.9.2. Bactericidal kinetics. Bactericidal kinetics of the two synthe-
sized composites CM and SM were determined using S. aureus and
E. coli. From an overnight growing fresh culture of bacteria, a volume
of culture approximately representing ~107 CFU/ml was washed and
suspended in PBS buffer. The fresh culture was then diluted and inoc-
ulated in 5 ml nutrient broth (0.5% peptone, 0.1% beef extract, 0.2%
yeast extract, 0.5% NaCl, pH 7) at a final cell concentration of
10% CFU/ml. For antibacterial assay 3 mg/ml (~2 x MIC) of CM and
SM are used to treat the inoculated broth. For comparison E. coli
and S. aureus were also treated with CuNps and AgNps at their re-
spective MIC values using same cell concentration. Mullite was not
used in subsequent antibacterial studies due to its poor antibacterial
effect as observed in earlier experiments. An untreated but inoculat-
ed broth was used as positive control. Time dependent killing was
determined by plating the culture from the treated sample and con-
trol in agar plate (1.8%) at 0, 0.5, 1.5, 3 and 4 h. Plates were incubated
at 37 °C and number of colonies was counted after 24 h. The whole
experiment was repeated thrice to reproduce the data. The antibac-
terial effect was calculated using the equation:

M(%) = [(B-C/B)] x 100,
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Where, M is the mortality rate (%), B is the mean number of bacteria
in the control samples (CFU/sample) and C is the mean number of
bacteria on the treated samples (CFU/sample).

2.2.10. Flow cytometry

Flow cytometry analysis was done according to the method followed
by Joshi et al. 2010 [9]. Briefly E. coli and S. aureus were grown to mid log
phase in nutrient broth. The overnight culture was centrifuged at 6000 g
for 10 min and followed by washing it three times with buffer (10 mM
Tris, pH 7.4). The bacterial suspension was then inoculated in 5 ml of
fresh broth with approximately 10* CFU/ml and treated with 15 mg of
CM and SM for 4 h. Untreated culture was set as control. After 4 h the
bacterial suspension was centrifuged and washed in tris buffer.
Propidium iodide (PI) at concentration of 10 pg/ml was used to fix the
suspension for 15 min. A Becton-Dickinson FACS Verse double laser
cytometer was used to obtain flow cytometric reading using 488 nm
excitation and bandpass filters.

2.2.11. MTT assay

Bacterial viability assay was performed by using MTT [3(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] [10]. Overnight
grown bacterial culture was harvested after centrifugation and washing
in PBS (pH 7.4). Bacterial cells were then treated with 15 mg of the an-
timicrobial material (CM and SM) at 10* CFU/m cell concentration. For
comparison bacteria at the same concentration were treated with CuNp
and AgNp at their MIC concentration. After 4 h of incubation cells were
washed and suspended in PBS. MTT stock (5 g/L) at 1:10 dilution was
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Fig. 1. Characterization of nanomullite by (a) XRD, (b) FTIR, (c) TEM, (d) FESEM.
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added and the cells were incubated for 1 h. After this the suspension
was centrifuged (10,000 g, 1 min) and formazan formed was dissolved
in 500 pl DMSO. The intensity of the formazan formed was measured
spectrophometrically at 540 nm.

2.2.12. Inner membrane permeabilization assay

Membrane integrity and permeation of inner membrane were stud-
ied by the treatment of bacteria with CM and SM. The assay is based on
the fact that chromogenic dye ONPG (o-nitrophenyl-RB-p-galactoside)
is a substrate for B-galactoside and produces galactose and yellow
O-nitrophenol, the intensity of the latter is measured at 420 nm [11].
Therefore the disruption of the bacterial inner membrane was under-
stood with a significant increase in absorbance of the supernatant of
the treated sample compared to the control.

E. coli DH5a strain with PUC was chosen for the study. Bacteria was
grown overnight in ampicillin nutrient agar plate. A single colony was
inoculated in fresh nutrient broth containing IPTG, which acts as an in-
ducer for the expression for (3-galactosidase enzyme. The overnight
grown culture was washed with distilled water. Equal amounts of
the cells were treated with nanocomposites and incubated at 37 °C for

4 h. Thereafter the bacterial culture was reacted with ONPG for 15 min
and absorbance was recorded at 420 nm.

2.2.13. Bacterial sample preparation for FESEM

Overnight grown bacterial culture was harvested and inoculated
with approximately 10 cells. 15 mg of the nanocomposites was used
to treat the bacterial culture and incubated for 4 h. Untreated but inoc-
ulated culture was set as control. A very minute amount of the sample
was placed on the cover slip and dried in air and placed on a carbon
tape.

2.2.14. Reactive oxygen generation (ROS) detection and fluorescence
microscopy

The burst of superoxide radical was measured according to Su et al.
2009 [12]. In brief, overnight grown bacteria (E. coli and S. aureus) at
log phase were washed with PBS buffer (pH: 7.4). Fresh broth was inoc-
ulated with approximately 10* CFU/ml and treated with 3 mg/ml of CM
and SM. For comparison an equal number of cells was also treated with
CuNps and AgNps at their MIC values. The cultures were allowed to
grow in 37 °C for 1 h. Untreated sample was taken as control. Bacteria
were then treated with 10 uM DCFHDA for 30 min followed by washing
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Fig. 2. Characterization of copper mullite and silver mullite respectively by XRD and FTIR (a, b), absorbance spectrophotometer (c, d) respectively.
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Table 1
FTIR frequency assignments of mullite.

S. Kar et al. / Biochimica et Biophysica Acta 1840 (2014) 3264-3276

Wavenumber (cm™ 1)

Band assignments

1170 (strong)

2sSi—0—Si of Si0y4

1130 (shoulder) 25 Si—0—Al
750 (shoulder) (AlOy)

831 (strong) (Al04)

565 (strong) (AlOg)

460 (weak) 6Si04

in PBS buffer. The ROS level was measured by fluorescence spectropho-
tometer with excitation at 490 nm and emission at 520 nm.

SYBR Green and PI were used for fluorescence microscopic analysis
of live and dead cells. The principle of staining is based on the fact that
SYBR Green is a cell membrane permeant dye that stains both live and
dead cells whereas PI is an impermeant dye that stains only dead and
membrane compromised cells. An interesting phenomenon that takes
place in this dye system, is fluorescence quenching of cell permeant
dye SYBR Green by Pl when both of them are staining nucleic acid. Intact
live cells will appear green whereas dead cells will appear red when ob-
served under fluorescence microscope. The staining process followed is
according to the method reported by Berbesti et al. [13].

SYBR Green was diluted to 1:100 v/v in DMSO from the stock
and used as working solution. PI was diluted to 1 mg/ml in deionized
water and used as stock solution. Bacterial samples were prepared as

E MAG: 40000 x HV: 30.0 kV WD: 11.1 mm

stated above. To 1 ml of each treated and untreated sample 10 pl each
of SYBR Green (final concentration 1:10000) and PI (10 pg/ml final con-
centration) were added. Samples were incubated at 37 °C for 15 min
The cells were then immediately mounted on slides and observed
under fluorescence microscope (Motic Image plus 2.0 software) for
analysis.

2.2.14.1. Electron spin resonance spectroscopy. EPR spectra were obtained
by a JEOL spectrophotometer (JES FA200). Small amounts of CM and SM
were dispersed in deionized water and allowed to settle. The superna-
tant was run at 77 K in a liquid nitrogen finger dewar keeping power
1 mW, microwave frequency 9.2 GHz and center field 315 mT.

2.2.15. Cytocompatibility study

2.2.15.1. Maintenance of cell line. The mouse fibroblast cell line (L929)
was cultured in DMEM medium supplemented with 10% FBS and
100 U/mL penicillin-streptomycin at 37 °C and 5% CO, humidified at-
mosphere. At confluence, cells were washed with sterile phosphate
buffered saline (PBS pH 7.4), trypsinized and released into suspension
to suitable cell density for further studies. Cells without any treat-
ment/exposure to test compounds served as control.

2.2.15.2. Preparation of nanocomposites for cell culture. Higher stock solu-
tions of nanocomposites (5 mg/ml) were prepared by dispersing CM
and SM particles in sterile phosphate buffer (pH 7.4) and sonicating
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Fig. 3. SEM micrographs, atom mapping and EDAX analysis of CM (a, b, ¢) and SM (d, e, f) respectively. Mass percent as determined from EDAX analysis is shown in inset.
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a b
Fig. 4. TEM micrographs (a, b) for CM and SM respectively.

Table 2
MIC values of CM and SM with their corresponding copper and silver content against E. coli and S. aureus.

Bacteria Mullite CuNp AgNp CM Cu content SM Ag content

(mg/ml) (pl/ml) (ul/ml) (mg/ml) (ng/ml) (mg/ml) (pg/ml)
E. coli 8 8 12 14 6.6 1.6 13
S. aureus 8 10 10 1.2 5.65 1.5 12

for 30 min using a sonication bath at 37 °C. The solutions were then kept
at 37 °C under sterile condition for 24 h for the release of the nanopar-
ticles. Thereafter, the solutions were subjected to brief centrifugation
(2000 g for 5 min) and the supernatant was diluted to desired concen-
trations (0.5-3 mg/ml) with complete DMEM for further cell culture
studies.

2.2.15.3. MTT assay. To investigate any toxicity associated with the
nano-composites under investigation (CM and M), cyto-toxicity assay
(MTT) was performed using mouse fibroblast cell line-L929. Briefly,
10° cells/well of 96-well plate were seeded and allowed to adhere.
The cell mono-layers were then treated with several dilutions (0.5-
3 mg/ml) of CM and SM up to 24 h. At the end of each time point
(12 and 24 h), 100 pL of freshly prepared MTT [5 mg/mL; 3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide; 5 mg/ml
stock solution diluted into 1:10 in sterile phosphate buffer solution]
was added into each well and incubated for 4 h at 37 °C and 5% CO, hu-
midified atmosphere. The intracellular formazan crystals thus formed
were solubilized in DMSO and the absorbance of the solution was mea-
sured at 595 nm using a micro-plate reader (Bio-Rad, USA).

2.2.15.4. Alamar blue assay. The effect of test nanocomposites on cellular
proliferation was also evaluated by Alamar blue assay [14]. Briefly, cells
after required treatment with test compounds (0.5-3 mg/ml as de-
scribed above) were subjected to Alamar blue solution (stock diluted
to 1:10 in complete cell culture media) and incubated for 4 h at 37 °C
and 5% CO, humidified atmosphere. After incubation, the plates were
read at 570/600 nm in a Multiskan spectrum (Thermo Scientific
Multiskan Spectrum, Japan). The percentage of reduction in Alamar
blue dye was calculated as per manufacture's protocol (AbD Serotec,
UK).

2.2.15.5. Scanning electron microscopy (SEM). For SEM analysis,
1929 cells seeded on coverslips were treated with the test samples
(1 mg/ml) for 12 h. The cells, after treatment were washed once
with sterile phosphate buffer saline and fixed in paraformaldehyde
(4 v/v%) for one hour. The cells on coverslips were then dehydrated

completely using series of alcohols (50-100%, each 20 min) and sputter
coated with gold for SEM analysis (ZEISS EVO 60 scanning electron
microscope, Germany).

2.2.15.6. Wound healing assay. The wound healing effect of the nano-
composites was assayed using 1929 cells seeded in six-well plates
(Nunc, Wiesbaden, Germany) in a density of 1 x 10> cells/well in
growth medium and allowed to attain the confluence of about 90%. A
scratch was then created in each well using sterile 200 pl pipet tips.
The cells were washed thrice with PBS (pH 7.4) and then incubated
with test materials (2.5 mg/ml for CM and 3 mg/ml for SM prepared
in complete media) for 24 h at 37 °C and 5% CO,. Cells incubated with
complete media served as control. The scratches were documented
under the phase-contrast microscope immediately after the creation
of wound and after subsequent pre-determined time intervals (6, 18
and 24 h). The images taken at the same position were noted each
time to monitor the repair process. The experiments were performed
in duplicate and representative images are reported.

2.2.16. Statistical analysis

Data were presented as mean 4 standard deviation (SD); n = 3,
or otherwise mentioned. Single factor one-way statistical analysis
was performed using ANOVA to determine statistical significance
(*p<0.05).

Table 3
MBC values of CM and SM against E. coli and S. aureus.
Bacteria Mullite CuNp AgNp CM SM
(ul/ml) (ul/ml) (mg/ml) (mg/ml)
E. coli - 8 12 4 5.6
S. aureus - 10 10 3.6 5
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Fig. 5. Bactericidal kinetics representing time dependent mortality rate. Values are means 4 SEM of 5 separate experiments done in triplicate. *p < 0.05, **p < 0.005, ***p < 0.0005.

All p values denoted with * are significant at the 1% level compared to controls and error bars are standard error of the mean (N

3).

Fig. 6. Agar plate pictures of E. coli and S. aureus showing control, CM and SM treated for 4 h after overnight incubation at 37 °C.
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Fig. 7. Flow cytometry analysis of E. coli and S. aureus by propidium iodide (10 pg/ml) after 4 h of treatment with CM and SM with 10* CFU/ml cell concentration using 488 nm excitation

and bandpass filters.

3. Results and discussion
3.1. XRD analysis

The X-ray diffraction pattern of the nanomullite shows prominent
reflections indicating formation of well crystallized mullite phase. All
the peaks correspond to mullite phase without any unreacted alumina
or silica (Fig. 1a) [15]. The X-ray pattern of CM and SM exhibit no
peak of copper and silver nanoparticles even at low scan speed, which
is due to the fact that the amount of nanoparticles in the composite is
very low, below the detection limit (Fig. 2a).

3.2. FTIR

The FTIR spectrum of the mullite powder represents the vibrations of
the chemical bonds at different wavenumbers (Fig. 1b). The strong peak
near 1170 and the shoulder at 1130 cm ™! is assigned to asymmetric
stretching vibration of the Si—O- Si of SiO, tetrahedra of mullite and
Si—0-Al respectively. The band at 831 cm™ ' represents stretching
vibration of tetrahedrally coordinated of Al-0O bond (AlO,4). The peaks
at around 565 cm™ ! and 750 cm™ ! are due to the octahedrally coordi-
nated aluminium atom. The peak at around 460 cm™! is assigned
to the bending of SiO4 bonds [16]. The band assignments are listed in
Table 1. FTIR spectra show no shifting of bands in CM and SM with
respect to the mullite. However all the bands of mullite were present
in the composite which is due to the low amount of particle within the
composite (Fig. 2b).

3.3. UV-visible spectroscopy

Absorption spectra of CM and SM show characteristic bands at
560 nm and 430 nm (Fig. 2 c, d) due to the surface plasmon of copper

nanoparticle and silver nanoparticle respectively, present in the mullite
based composite. Since the metal nanoparticles are attached to the sur-
face, plasmon bands are very difficult to observe in CM and SM due to
scattering effect from the mullite aggregates [6].

3.4. Electron micrographs, EDAX and surface area (BET)

TEM micrographs of the dispersed mullite show particle size of
varying range, about 100-300 nm, with very few particles of larger
dimension of about 400 nm, probably formed by agglomeration of
smaller particles (Fig. 1c). This is also supported by the SEM micrograph
(Fig. 1d). As observed in the SEM and TEM images, the shapes of the par-
ticles are mostly oval with a few elongated grains.

TEM micrographs of the CM and SM also reveal uniform distribution
of the copper and silver nanoparticles on the nanomullite grains. Copper
nanoparticles show ultrafine dimension of around 5-10 nm (shown
by red circle and black arrow) while silver nanoparticles are relatively
larger (blue arrow) (40-50 nm) (Fig. 4a,b). However in the case of the
TEM micrograph of CM a few copper nanoparticles are not seen to be
interspersed within the matrix and look like individual particles. These
were probably dislodged from the mullite matrix as a result of
ultrasonication process during the sample preparation.

The EDAX spectra show the relative composition of the CM and SM
(Fig. 3¢,3f) and is presented in the table as an inset within the figure.
Atom mapping of CM and SM for copper and silver atoms respectively,
shows a fairly good distribution within the mullite matrix (3b,3e).

The surface area as measured by BET technique also indicates nano
sized dimension of mullite with a value of 17.352 m?/g. However, CM
(17.652 m?/g) and SM (17.231 m?/g) show nominal difference in sur-
face area. Thus adsorption of the nanoparticles does not adversely
affect the surface properties of the mullite nanocomposite.
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Fig. 8. (a) MTT bacterial cell viability assay. Statistical analysis of relative absorbance of microbial cells viability on treated CM, SM, AgNp and CuNp with respect to control. Error bar shows

the standard error of mean (N = 3). (b) Inner membrane permeabilization assay.

3.5. Antibacterial activity

3.5.1. MIC & MBC

The antibacterial property of the two synthesized nanocomposites
(CM and SM) is tested to determine the MBC and MIC. The MIC and
MBC values are presented in form of Tables 2 and 3. The MIC values
of the Gram negative bacteria E. coli are more than those of the Gram
positive S. aureus.

The MBC for CM, SM and Cu/Ag nanoparticle treated cells are not
more than 4 times their respective MIC values indicating that the nano-
composites are bactericidal rather than bacteriostatic.

3.5.2. Bactericidal kinetics

The bactericidal kinetics of exponentially growing E. coli and
S. aureus are checked against CM and SM by time kill assay. The result
conveys that within 4 h of incubation period the population of
S. aureus for CM and SM is reduced by 85% and 94% respectively. E. coli
having a relatively higher MIC value shows 70% and 82% mortality dur-
ing the same incubation period (Fig. 5). The mortality for E. coli and
S. aureus was 99% for both CuNp and AgNp. Agar plates of the control
and nanocomposite treated bacteria after 4 h are presented in Fig. 6.

3.5.3. Flow cytometry analysis

The internalization of PI, a non cell-permeant dye is used to distin-
guish between nanocomposite treated and untreated cells. This dye
binds to DNA in dead or membrane compromised cells. The uptake of
the dye both for untreated S. aureus and E. coli is very low, and remark-
ably increases for the CM and SM treated cells. In the case of E. coli the
killing of CM and SM treated cells are 81.9% and 65.83% respectively
whereas for S. aureus the values are 90.59% and 82.68% (Fig. 7). This re-
sult also substantiates the data obtained from bactericidal kinetics data.

3.5.4. MTT assay

The cell viability assay shows a substantial decrease in absorbance
signifying a lower amount of formazan formation in case of CM, SM
and nanoparticles treated cells of E. coli and S. aureus with respect to
the untreated cells (Fig. 8a).

3.5.5. B-Galactosidase assay

Fig. 7b shows the absorbance due to 3-galactosidase release. The re-
sult shows an increase in absorbance of about 13 and 27 folds for CM
and SM respectively as compared to the untreated cells. The increase
in activity of B-galactosidase corresponds to the rupture of inner mem-
brane and release of cellular components by the effect of nanocomposite
treatment (Fig. 8b).

3.5.6. ROS generation

The reactive oxygen species level in the cells treated with mullite,
CuNp, AgNp, and the nanocomposites (CM and SM) were compared to
the control i.e. the untreated cells. The level of ROS for the control
cells was considered as 100%. There was a slight increase in ROS level
in mullite treated cells,

For SM treated cells the intensity is about 5 times higher with re-
spect to the control for both E. coli and S. aureus. For CM this increase
is approximately 3 and 8 times for E. coli and S. aureus respectively
(Fig. 9 a, b). The ROS level of CuNp treated cells were 7 and 10 folds
higher than control for E. coli and S. aureus respectively, whereas the
corresponding values for AgNp treated cells were 10 and 9 times respec-
tively. As observed the oxidative stress in the CuNp and AgNp treated
cells was much elevated as compared to the control and nanocomposite
treated cells.

The fluorescence microscopic images show that untreated cells of
E. coli and S. aureus are intensely stained with SYBR Green, whereas
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Fig. 9. Intracellular ROS generation measurement by DCFHDA for (a) S. aureus (b) E. coli. (c) Fluorescence microscopic images of control, CM and SM treated E. coli and S. aureus respectively

by staining with SYBR Green/PI under 400 x magnification.

the nanocomposite treated cells are found to be PI positive, demonstrat-

ing that these cells have lost their plasma membrane integrity (Fig. 9c).

3.5.7. EPR spectra

The EPR spectrum for CM (Fig. 10a) shows g near 2.054, which is
very close to the value reported [17], indicating the presence of Cu?™
in the CM dispersed aqueous system. Since free radicals are of very
short lifetime and spin trapping is needed to detect them by this meth-
od, no free radical signal is obtained. For SM the g value is around 2.052

[18] indicating the presence of Ag nanoparticle in the SM dispersed
aqueous system (Fig. 10b).

3.5.8. Effect of nanocomposites on mammalian cell line

In the present investigation mouse fibroblast cells (L929) are chosen,
as they are the typical cell type involved at the early stage of wound
curing process in orthopedic fracture repair and is widely accepted
based on evaluation of biocompatibility of materials [19]. The result
indicates that the effects of nanocomposites are dependent on exposure
time and concentration. When applied in identical concentration, the

- IL v
:1-:-:-\ 00, [ 3500

Fig. 10. EPR spectroscopy of (a) copper mullite (b) silver mullite dispersed in water.


image of Fig.�10
image of Fig.�9

3274 S. Kar et al. / Biochimica et Biophysica Acta 1840 (2014) 3264-3276
a MTT assay S Alamar blue assay
N ns x
g‘ O ns
£ 2.0
2
8 £ B CMO5 mg/ml
: £ . CM2'5 g
4 =
2 2 | — mg/ml
£ K [ SMO0.5 mg/ml
3 E B SM1mg/ml
< = [ SM3 mg/ml
: B Control
b
£
g ¢
S
o |
=
&
§
g
o
o
£
=]
5 .
o
w
c ~
k3
o
8
g
=
(=3
o
'g =
i 2
1 3
k3
o
s
£
2
w

Fig. 11. Effect of nano-composites on (a) the cellular viability (MTT assay) and proliferation (Alamar blue assay) of mouse fibroblast cells (L929). The cellular viability and proliferation
reduce with time in a dose dependent. Data are presented as mean = SD (n = 3). ns = not significant and *p < 0.05 is considered as statistically significant from the control at the respec-
tive incubation time. (b) Phase contrast and scanning electron micrographs of appearance of L929 cells on glass cover slip after treatment with nano-composites. All cells (treated or un-
treated) reveal flattened morphology with multiple filopodia expanding in all directions. Cells are in great contact with each other. Scale bar represents 100 um (phase contrast
micrography).(c) Cellular migration-Scratch assay using L929 cells. The scratch is created using a sterile tip. Cells migrate well in presence of highest concentration of test composites
(2.5 mg/ml for CM and 3 mg/ml for SM nanocomposites prepared in complete media) for a time period of 24 h. The patch is almost covered within 24 h by the treated cells and comparable

to control (untreated cells). Scale bars represent 100 pum.

metabolic activity of CM treated cells after initial 12 h is more than
that of SM treated cells and very close compared to control (Fig. 11a)
(*p< 0.05). However, after 24 h increased metabolic activity is observed
in SM treated samples; while both control and CM treated samples
exhibit a reduction in cellular viability (Fig. 11a). The doubling time
for L929 cells is 14 h [20]; therefore, cells exhibit high metabolic activity
and reach confluence in CM and control plates. Due to limitation in
surface area in 96 well plates, the cells start dying and demonstrate
less viability or metabolic activity after 24 h [21]. The treatment
with SM particles slows the initial proliferation rate of L929 cells,
which allows these cells to reach confluence after 24 h. The rate of

proliferation of cells is reduced slightly after 24 h and supports
the MTT observation (*p < 0.05, ns = not statistically significant)
(Fig. 11a). Cells retain their normal well stretched healthy morphology
when observed under phase contrast and scanning electron micro-
scopes (Fig. 11b). This is an indicator of cyto-compatibility of the test
compounds. Furthermore, the cell scratch assay investigates the effect
of the nanocomposites on the closure of a wound created artificially in
1929 cell monolayer (Fig. 11c). After a repair period of 24 h at 37 °C,
all the 1929 cells (both treated and untreated) efficiently proliferate
and migrate into the damaged area. Well developed filapodia are visible
in most of the cells with a few mini-filopodia spread out, which is
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Fig. 12. FESEM images of control (a) E. coli and (c) S. aureus and nanocomposite treated (b) E. coli and (d) S. aureus. Membrane disruption is shown with arrows.

attributed to the spindle shaped structure of the cells. The observation
indicates the absence of any adverse effect of the nanocomposites on
cellular migration. The cell migration and the mobility of treated cells
are comparable to those of control.

3.5.8.1. Mechanism of antimicrobial action. The antimicrobial property of
silver/copper nanoparticles and their related compounds are being ex-
plored in detail by several groups. They are found to depend on several
external factors like pH, temperature, aeration rate, concentration of
nanoparticles and bacterial population [22,23]. Effect of silver nanopar-
ticles against yeast, E. coli and S. aureus suggested their potential role as
effective growth inhibitors, and thus may be applied to fabrication of di-
verse medical devices [22]. Strain specific antimicrobial activity of silver
and copper nanoparticles was studied by Ruparelia et al. 2008 [24].
The generation of intracellular ROS is considered one of the factors for
action of antibacterial agents containing silver nanoparticles [11], copper
and copper derived nanoparticles [24]. Bacteria growing aerobically gen-
erate ROS as a metabolic by-product. The increase in the level of ROS
within the cell exceeding an organism's detoxification and repair capa-
bilities results in damage of DNA, RNA, proteins and lipids [25].
Kohanski et al. [26] reported that the ROS is involved in the process of
microbial killing by three major classes of bactericidal antibiotics, re-
gardless of drug-target interaction. The toxicity of copper is largely
due to its tendency to alternate between its cuprous, Cu(I), and cupric,
Cu(I), oxidation states, differentiating copper from other trace metals,
such as zinc or nickel. Under aerobic conditions, this redox cycling
leads to the generation of highly reactive hydroxyl radicals that readily
and efficiently damage biomolecules, such as DNA, proteins, and
lipids. Silver ions inactivate enzymes by binding sulfhydryl (thiol)
groups in amino acids and promoting the release of ions with

subsequent hydroxyl radical formation by an indirect mechanism likely
mediated by reactive oxygen species.

Bacterial membranes possess a large percentage of anionic lipids
such as cardiolipin and phospholipids containing phosphatidylglycerol
[27,28]. Furthermore, bacteria have a more electronegative
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Fig. 13. Schematic representation of the phenomenon involved in killing of microbes by
CM and SM nanocomposites.
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transmembrane potential than eukaryotic cells and possess negatively
charged constituents on their surface (e.g., lipopolysaccharide and
lipoteichoic acids in Gram-negative and Gram-positive bacteria,
respectively).

Several methods together share the phenomenon of antimicrobial
killing by the mullite loaded silver and copper nanoparticles.

Firstly, the positively charged CTAB coated copper and silver nano-
particles that are released in the liquid growth medium are attracted
electrostatically to the negatively charged cell wall of bacteria.

Secondly, a few oxidized silver and copper ions also get attached
electrostatically to the bacterial membrane and get docked to their sur-
face decreasing the osmotic stability of the cell, followed by subsequent
leakage of intracellular constituents. The evidence of membrane disrup-
tion and the release of intracellular content can be understood from the
SEM micrographs (Fig. 12) of the bacteria and -galactoside assay
respectively.

Finally the detrimental intracellular ROS generation also mediates the
killing of bacteria. The biological targets for these highly reactive oxygen
species are DNA, RNA, proteins and lipids. Free radicals attack membrane
polyunsaturated fatty acids and initiate lipid peroxidation. Thus primary
effect of lipid peroxidation is to decrease the membrane fluidity, which
alters membrane properties and can disrupt membrane-bound proteins
significantly [29]. The group of phenomena involved is schematically pre-
sented (Fig. 13).

The findings also indicate that the mullite-metal nanoparticle com-
posite is relatively nontoxic below 1 mg/ml concentration and actually
promotes proliferation of mouse fibroblast cells (L929) as observed by
cell scratch assay.

4. Conclusions

In summary, a mullite-metal nanoparticle based antimicrobial nano-
composite system is developed for antibacterial therapeutic applications.
Characterization of the nanocomposite indicates uniform distribution of
spherical shaped nanoparticles, which are coated and are inside the
inter granular spaces of mullite crystals. Strong anti-bactericidal activity
is observed against E. coli and S. aureus by both copper (CM) and silver
(SM) nanocomposites; with copper being more active, most probably
due to the smaller particle size. The mechanism of antimicrobial action
is primarily by three distinct steps: attachment of the nanocomposites
on bacteria, interaction with free as well as surface coated metal
nanoparticles and generation of ROS with consequent membrane dis-
ruption followed by cell death. Both the nanocomposites exhibit good
cytocompatibility at a concentration of 1 mg/ml (MBC) with wound
healing characteristics in mouse fibroblast cell line (L929).
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