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ABSTRACT

A novel core-shell silica based antimicrobial nanoparticle was synthesized. The Stéber
silica shell has been engineered to accommodate copper. Synthesis of the core-shell Cu-silica
nanoparticle (C-S CuSINP) involves preparation of base-hydrolyzed Stéber silica “seed”
particles first, followed by the acid-catalyzed seeded growth of the Cu-silica shell layer around
the core. Scanning electron microscopy and transmission electron microscopy showed
monodispersed, spherical shaped nanoparticles with smooth surface morphology.
Characterization of particle size distribution in solution by the Dynamic Light Scattering (DLS)
technique was fairly consistent with the electron microscopy results. Loading of Cu to
nanoparticles was confirmed by the SEM-Energy Dispersive X-Ray Spectroscopy (EDS) and
Atomic Absorption Spectroscopy (AAS). Antibacterial efficacy of C-S CuSiNP was evaluated
against E.coli and B.subtilis using Cu hydroxide (“Insoluble” Cu compound) and copper sulfate
as positive control and silica “seed” particles (without Cu loading) as negative control. Minimum
Inhibitory Concentration (MIC) of C-S CuSIiNP was evaluated by measuring the fluorescent
intensity of resorufin to determine the decrease in viable cells with increase in copper
concentration in C-S CuSiNP. The MIC value of C-S CuSiNP against both E.coli and B.subtilis
was estimated to be 4.9 ppm. Bac-light fluorescence microscopy based assay was used to count
relative population of the live and dead bacteria cells. Antibacterial study clearly shows that C-S
CuSiNP is more effective than insoluble Cu hydroxide particles and copper sulfate at equivalent
metallic Cu concentration, suggesting more soluble Cu in C-S CuSiNP material due to its core-
shell design.
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CHAPTER 1 INTRODUCTION

1.1 History of Copper

The biocidal properties of metal ions have been known for centuries. Copper is one of the
widely known metals for its antimicrobial property since ancient times*. Copper was used to treat
leg ulcers by Hippocrates, the father of medicine. Copper oxides and copper carbonates were
used for treating skin diseases. Recent laboratory studies of E.coli inhibition by metals surfaces
have shown copper to be the most effective. Copper is one of the groups of metallic elements
which are essential to human health. It is estimated that the humans drink and eat about 1
milligram of copper per day'. Copper is widely being used in many medical (intrauterine)
devices and hence considered safe to humans. Today copper is widely used as an antimicrobial
agent in wood preservative?, food packaging®“, as antifouling agents in paint based materials®,
water purifier', in healthcare facilities to provide microorganism-free surfaces®’ and in
agriculture®. The mechanism by which copper is toxic to microorganisms is found to be through
free radical generation, permeabilization of cell membrane, DNA and RNA degradation®. A
recent report by Weaver et al. suggests that rapid killing of MRSA, Methicillin-Resistant
Staphylococcus Aureus (antibiotic resistant bacterial infection) by exposure to Cu surface is due

to compromised cellular respiration and DNA damage®.



Copper compounds are widely used as bactericide / fungicide in agriculture to prevent
plant diseases™. Commercially available biocides are oxides, hydroxides or chelates of copper.
To obtain acceptable protection against infection, at least 8 to 10 applications per season is
necessary™. Repeated applications of these formulations will result in copper accumulation in

the soil posing threat to the environment>*?,

1.2 Silica

Silicon is a naturally occurring mineral which can be seen in everyday life as beads
packed to absorb moisture and control humidity. Silica gel has a wide use in chromatography
techniques in chemistry. The use of silica in biomedical and biotechnological applications has
been significant in the past few years. The MSDS of silica gel states it to be a non-toxic, non-
flammable and stable material. However, if consumed it can cause acute or chronic illness. Silica

can be synthesized into nanoparticles, transparent films and solid materials™.

1.3 Silica Nanoparticles

Silica nanoparticles have become to be known as attractive host matrix due to its ease of
surface modification, stability and inertness™. Silica based nanoparticles are used in
bioanalytical applications where they are conjugated with bioanalytes for analyte detection and
signaling™. Dye loaded silica nanoparticles are widely used in various biomedical applications®”’.
Recently, Cornell University developed silica based fluorescent nanoparticles called “Cornell”
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dots to detect cancer cells which have been approved by the FDA for phase 1 clinical trials in

human subject [http://www.news.cornell.edu/stories/Jan11/CUdotsClinical.html].

Silica nanoparticles are synthesized mainly by micro emulsion method'®*° or sts ber

method %%

. Sté ber method is a one-step sol-gel method of synthesizing silica nanoparticles.
It involves the condensation of tetraethylorthosilicate (TEOS) in ethanol and water mixture.
Ammonia acts as a base catalyst to this reaction.’. It does not use any hazardous chemicals.

Excellent control of particle size and shape can be achieved. Condensation reaction is followed

by hydrolysis of ethoxy group in TEOS.

1.4 Copper Nanopatrticles

Copper or copper oxide nanoparticles have been used for a wide range of antimicrobial
applications. Copper nanoparticles are synthesized by inert gas condensation technique,
electrolysis method®, deposition of copper salts on to the matrix®, copper salt reduction®’. This
enables in the production of nano size particles. But this can easily cause aggregation of the
particles and deterioration of its chemical properties over a period of time resulting in reduced

efficiency of its antimicrobial activity®.


http://www.news.cornell.edu/stories/Jan11/CUdotsClinical.html

1.5 Copper-loaded Silica Nanoparticles

It is evident that usage of antimicrobial copper will continue to increase in the near future. The
only way to reduce free copper accumulation and bring about its slow release over a period of
time is to load copper on to a matrix. This will also help in maintaining its properties. In the
present study our main goal is to reduce the amount of copper in the material without
compromising antibacterial activities. This study is focused on efficient design of copper
embedded silica nanoparticle delivery platform. It reports the different approaches to synthesize
copper loaded silica nanoparticles, characterization of each material and their antibacterial
property. As a novel approach, copper-loaded silica nanoparticles were synthesized based on
core-shell design. The Core-shell copper loaded silica nanoparticles (C-SCuSiNP) are composed
of pure silica core and copper loaded silica shell. Since copper is distributed in the NP shell
region, reduced amount of copper will be required to obtain significant antibacterial efficacy.
Furthermore, bioavailability of copper is expected to increase in C-SCuSiNP in comparison to
any “insoluble” copper compound due to availability of more “soluble” Cu. Improving efficacy
of Cu biocide has clear advantage of reducing undesirable burden related to Cu toxicity in the

environment.



CHAPTER 2 MATERIALS AND METHODS

2.1 Materials

All reagents were purchased from commercial vendors and used without any further
purification. Ethanol (95% V/V; Fisher Scientific), tetraethylorthosilicate (TEOS; Fisher
Scientific), N-(Trimethoxy Silyl Propyl) - Ethylenediamine, Triacetic acid, Trisodium salt 45%
in water (TSPETE; Fisher Scientific), ammonium hydroxide (NH3 content 28 — 30 wt%; Sigma-
Aldrich), concentrated hydrochloric acid (Fisher Scientific), copper sulfate pentahydrate (CQ
concepts, Ringwood, IL), sodium chloride (Fisher Scientific). Kocide®3000, a product of DuPont
™ was received as a gift from Dr. Jim Graham (Citrus Research and Education Center, Lake
Alfred, FL). Mueller-Hinton (MH) agar, Luria Bertani (LB) broth and agar for antibacterial
study were purchased from —Fluka- Sigma Aldrich. E.coli strain ATCC 35218 and B.subtilis
strain ATCC 9372 were provided by the Microbiology lab, University of Central Florida.
Hydrion paper (Fisher Scientific) was used for pH measurements. Nanopure deionized water

(Barnstead) was used throughout the study.

2.2 Instrumentation

The characterization of particle size and morphology was done using JEOL JEM -1011
Transmission Electron Microscopy (TEM) and Zeiss ULTRA-55 FEG Scanning Electron

Microscopy (SEM), Precision detector/Coolbatch 40T Dynamic Light Scattering (DLS) detector



was used to characterize the particle size distribution in suspension. Loading of copper was
quantified by Atomic Absorption Spectroscopy (AAS) — Perkin Elmer Analyst 400 AA flame
spectrometer Turbidity for antibacterial study was measured with Teysche800 spectrophotometer
and the intensity of resofurin was measured on SPEX Horiba Yobin-Yvon Nanolog fluorescence
spectrometer. Bacterial live/dead cell imaging was done with a ZEISS Axioskop2 confocal

microscope.

2.3 Methods

2.3.1 Approach 1

2.3.1.1 Synthesis of silica nanoparticles

Std bers silica nanoparticles (SiNP) were synthesized by addition of the reagents in the
same order (1to 4) as mentioned in Table 1?° and stirred on the magnetic stirrer for 24 hours at
400 rpm. After 24 hours, the nanoparticle solution was isolated by centrifugation at 10, 000 rpm
for 10 minutes and purified by washing three times with water. The final pellet was dispersed in

100 mL water and stored at room temperature.



2.3.1.2 Synthesis of copper —loaded silica nanoparticles

The copper — loaded silica nanoparticles (CuSiNP) were synthesized following a two-step
method (Figure 1). The first step involved the synthesis of SiNPs by adding the reagents (1 to 4)
mentioned in Table 1%. The reaction mixture was allowed to stir on a magnetic stirrer at 400
rpm. After 24 hours, the particles were isolated and purified with water by centrifugation at
10,000 rpm for 10 minutes. The second step involved the addition of 593.35 mg of copper sulfate
to 100 mL of synthesized SiNPs to allow the formation of copper-loaded silica nanoparticles.
After 4 hours of stirring on the magnetic stirrer, the CuSiNPs were washed with water by
centrifugation at 10, 000 rpm for 10 minutes.

An alternate approach of synthesis of copper-loaded silica nanoparticles was also tried,
where copper sulfate was added during the synthesis of silica nanoparticles (Figure 2). 593.35
mg of copper sulfate was added along with the reagents mentioned in Table 1% and stirred
magnetically at 400 rpm for 24 hours. The purification procedure as mentioned above was

carried out to obtain pure CuSiNPs.

S.No Reagent \Volume added (mL)
1 Ethanol 100
2 Water 2.97
3 Tetraethyl ortho silicate 3.78
4 Ammonium hydroxide 4.85




Table 1 - Synthesis of silica nanoparticles

2.3.2 Approach 2

2.3.2.1 Synthesis of hybrid copper —loaded silica nanoparticles

The copper — loaded silica nanoparticle synthesized in approach 1 was modified by the
addition of TSPETE (N-(Trimethoxy Silyl Propyl) - Ethylenediamine, Triacetic acid, Trisodium
salt 45% in water). 1.25 mL TSPETE?® was added to the synthesized copper-loaded silica
nanoparticles and stirred magnetically at 400 rpm for 4 hours. The solution separated into two
parts — a top light blue solution and a bottom blue colored gel-like substance. After 4 hours, the
bottom gel was separated and dissolved in 25 mL water. It was further centrifuged at 10,000 rpm
for 10 minutes to remove unbound copper. The supernatant was stored separately and used for

further studies.

2.3.3 Approach 3

2.3.3.1 Synthesis of “seed” silica nanoparticles

A published protocol by Rossi et al.®® was followed for the synthesis of silica
nanoparticles (SINP). A mixture of tetraethylorthosilicate (TEOS, 1.3 mL) and ethanol (95%
V/V; 5.7 mL) was added to a solution of ammonium hydroxide (28 to 30 % V/V; 7 mL), DI

water (3.0 mL) and ethanol (95% V/V; 13 mL) under magnetic stirring conditions. The mixture

8



attained from the reaction was stirred at 400 rpm for 1 hour and sonicated for 10 minutes later.
Centrifugation at 10,000 rpm for 10 minutes isolates the silica nanoparticles which were then

washed with ethanol thrice for purification.

2.3.3.2 Synthesis of core-shell Cu loaded silica nanoparticles

There are two steps (Step | and Step 1) in the Synthesis of core-shell Cu loaded silica
nanoparticles (C-S CuSiNPs). In step I pure Stober silica “seed” particles were synthesized using
a published protocol by Rossi et al.’®. 1.3 ml TEOS (a silane precursor for silica nanoparticle)
and 5.7 mL ethanol (95% V/V) mixture were added to a solution of 13 mL ethanol (95% V/V), 7
mL ammonium hydroxide (28 to 30 % V/V) and 3 mL water under stirring conditions. The
reaction mixture was stirred for an hour at 400 rpm followed by sonication for 10 minutes using
a sonic bath (Barnstead Elma 9322). SiNP purification involved centrifugation and washing
steps. The isolation of particles were done via centrifugation at 10,000 rpm for 10 minutes
followed by repeated washings with ethanol (95%, V/V).Centrifugation and vortexing
procedures were used between the two washing steps.

In step Il, Cu loaded silica shell was grown on the silica “seed” particles at room
temperature. In a typical procedure the “seed” particles were dispersed under magnetic stirring at
400 rpm in 75 pL of 1% hydrochloric acid (Fisher Scientific) followed by addition of 38.6 mg of
copper sulfate pentahydrate in 25 mL of DI water. 650 pL of TEOS was added under stirring

conditions. The Cu-silica shell growth process was allowed to continue for 24 hours. The



resulting C-S CuSiNPs were then isolated from the reaction mixture and washed thoroughly

following the procedure as described above.

2.3.4 Nanoparticle characterization technigues

Sample preparation for SEM and TEM was done by spin coating the nanoparticle
solution on silicon wafers and drop casting on copper grids respectively. Atomic absorption
spectroscopy (AAS) analysis was done by comparison with a series of copper standards. Sample
preparation involved extraction of Cu from lyophilized copper-loaded silica nanoparticle powder
using saturated ethylenediaminetetraacetic acid (EDTA) solution. The EDTA leaches out Cu

from the C-S CuSiNP material, forming water-soluble Cu-EDTA complex

2.3.5 Antibacterial assays

Bacterial growth inhibition test using turbidity and two standard biochemical assays
(Resazurin and Baclight assays) were performed to determine antibacterial properties of copper-
loaded silica nanoparticle material against a gram positive Bacillus subtilis (B.subtilis, ATCC
9372) and a gram negative Escherichia coli (E.coli, ATCC 35218) organism. A single colony
was inoculated in 10 mL of the broth and grown overnight at 36°C on a 150 rpm shaker.
Subcultures were periodically made on LB agar plates to maintain the organisms. Kocide® 3000

(Cu hydroxide nanoparticles, represented as “insoluble” Cu compound) and copper sulfate with
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same metallic copper concentration were used as positive control and silica nanoparticle (without

Cu loading) was used as negative control.

2.3.5.1 Disk diffusion assay

Blank paper disks were saturated in 5 mL of the copper-loaded silica nanoparticle
solution. The disks were dried in vacuum overnight. The dried disks were then placed on Mueller
— Hinton agar plates already spread with bacteria. The plates were kept inverted at 36°C. After 24

hours, the zone of inhibition was measured. SiNP was used as the negative control.

2.3.5.2 Bacterial growth inhibition in LB broth using turbidity

Different concentrations of copper-loaded silica nanoparticles were made in LB broth to a
final volume of 10 mL. 10° cells/mL of the bacteria were added to all tubes. Silica (“seed”)
nanoparticle (without Cu loading) was taken as the negative control. Different concentrations of
Kocide® 3000 and copper sulfate with same metallic concentration as in copper-loaded silica
nanoparticles were considered as the positive control. Since copper-loaded silica nanoparticles,
SiNP and Kocide® 3000 are turbid in nature and could interfere with the measurements of optical
density; to calculate the final reading the background measurements were subtracted. All the
tubes were shaken well and incubated at 36°C on a 150 rpm shaker. After 24 hours, aliquots were

taken to measure the optical density at 600 nm.

11



2.3.5.3 Minimum Inhibitory Concentration (MIC) determination

Resazurin assay method was used to determine the MIC of C-S CuSiNPs against E.coli
and B.subtilis®®. A 12 well cell culture plate was labeled. Different concentrations of C-S
CuSIiNP (2.45 to 14.7 ppm copper concentartion) were added to the wells. Silica nanoparticle
was taken as the negative control. The total volume in all wells was made to 3mL with
autoclaved water. 10° cells /mL of bacteria was added to all the wells. 150 pL of resazurin dye
solution (6.75mg/mL) was then added to the wells. One well was maintained as control for
resazurin (without bacteria and sample) and another well as control for the bacteria (without
sample but with resazurin). The plate was sealed with parafilm and incubated on a 150 rpm
shaker at 36°C. Since the C-S CuSiNP was turbid in nature, intermediate colors were obtained.
So the fluorescence property of resofurin was taken into account and the intensity of

fluorescence was measured to find the MIC.

2.3.5.4 Bac-Light assay for live/dead cell staining

C-S CuSiNPs were incubated with 10° cells/mL bacteria in LB broth to determine cell
viability using the BacLight bacterial viability kit L7012. 10° cells/mL of E.coli and B.subtilis
were incubated with two different concentrations of C-S CuSiNP (9.8 and 1.4 ppm) for 4 hours
on a 150 rpm shaker at 36°C. Kocide® 3000 and copper sulfate at copper concentration of 9.8
ppm was considered as positive control. Silica nanoparticles (without copper) were taken as

negative control. The samples were then purified from LB broth with 0.85% saline by

12



centrifuging at 10,000 rcf for 10 minutes. 3 pL of dye per mL of the bacterial sample was added
and incubated at room temperature for 15 minutes. Images of live/dead cells were taken using a
confocal microscope (Zeiss Axioskop 2). The green filter (535nm) was used to view live cells

and red filter (642 nm) for dead cells®®.

Ethanol + TEOS + H20 + NHsOH

Adding CuS04

CuSiNP

Figure 1 - Synthesis of copper-silica nanoparticles - Approach 1 (Trail 1)
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Ethanol + TEOS + H20
+ NH40H + CuSO4

Figure 2 - Synthesis of copper-silica nanoparticles - Approach 1(Trail 2)

TEQOS + copper sulfate
Acidic pH

Si ’ ;

nanoparticle Copper-loaded core silica
(SiNP) nanoparticles (C-S CuSiNP)

Figure 3 - Synthesis of core-shell copper loaded silica nanoparticles
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CHAPTER 3 RESULTS AND DISCUSSION

3.1 Approach 1

Addition of copper sulfate to synthesized SiNP resulted in a copper retention of 0.2 ppm,
while addition of copper sulfate during SiNP synthesis resulted in a copper retention of 0.4 ppm
by Atomic absorption spectroscopy (AAS). Since the amount of copper retained was
comparatively higher in the second trail, the CuSiNP synthesized by trail 2 was considered for
further studies.

3.1.1 Nanoparticle characterization

SEM image analysis revealed the formation of highly monodispersed spherical SiNPs
with smooth surface morphology (Figure 4). However for CuSiNPs (Figure 5), particle
aggregation could be seen which can be attributed to the binding of Cu ions to particle surface,
resulting in reduction of overall surface charge. DLS data showed uniform particle distribution in
solution. The average particle size was estimated to be 107 nm for SiNP (Figure 6) and 200 nm
for CuSINP (Figure 7) confirming with the SEM results. SEM-EDS elemental composition data
showed a characteristic peak for copper, confirming the presence of copper in CuSiNP (Figure
8). The amount of copper was estimated to be 0.4 ppm from atomic absorption spectroscopy

(AAS).
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3.1.2 Antibacterial studies

Disk diffusion assay resulted in a zone of inhibition of ~18mm (Figure 9)
showing that copper diffused out of the nanoparticle matrix and inhibited growth of E.coli.
Inhibition of growth at different concentrations of CuSiNP (0.04 to 2 ppm) was evaluated after
24 hours of incubation at 36°C by measuring the optical density at 600nm. Significant inhibition
of growth of E.coli was observed in the presence of CuSiNP when compared to SiNP (no
copper) (Figure 10). However, total inhibition could not be achieved due to less copper retention

in CuSiNP (0.4 ppm copper concentration per mL of CuSiNP).

3.2 Approach 2

Copper retention in approach 1 was very less. CuSiNPs were formed as aggregates and
the dispersibility was very low. To overcome these limitations, TSPETE a surface modifier® and
copper chelator was added to synthesized CuSiNP. Few minutes after the addition of TSPETE,
blue gel-like substances began to separate from the solution and stick to the sides and bottom of
the container. The top solution was light-blue in color and the bottom gel-like substance was
deep blue in color and water soluble. DLS analysis of both the solutions revealed the top solution
had particle size in microns and the bottom-solution had particles of ~ 105nm in size. The reason
for this being TSPETE is water soluble and insoluble in ethanol. So in an ethanol medium it

separates from the solution chelating most of the copper and behaving as a separate substance.
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The supernatant of the bottom gel-like substance in water was considered for further

characterization and antibacterial study.

3.2.1 Nanoparticle characterization

Particle size and distribution in solution was estimated using DLS technique. DLS
measurements estimated the average particle size to be ~ 105nm (Figure 11) with a
polydispersity of ~0.485 suggesting the presence of aggregate which was confirmed in SEM.
SEM analysis showed aggregates of CuSiNP with individual particle size of ~50 nm (Figure
12). CuSiNPs as such formed aggregates, which was seen in the SEM data of approach 1. Since
TSPETE was added to pre- synthesized CuSiNP, surface modification took place for the
aggregates as well as individual particles. SEM-EDS elemental composition analysis showed a
characteristic peak for copper (Figure 13) and the amount of copper was quantified to be 1.9

ppm copper concentration per mL of Copper-loaded hybrid silica nanoparticles by AAS.

3.2.2 Antibacterial studies

Disk diffusion assay gave a zone of inhibition of ~ 20 mm showing the diffusion
of copper from the silica matrix (Figure 14). Inhibition of growth of E.coli and B.subtilis was
performed in LB broth by measuring turbidity at 600 nm after a 24 hour incubation period at

36°C. As the concentration of copper increased, the growth of both E.coli and B.subtilis
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decreased (Figure 15 and 16) when compared to the silica nanoparticle (without copper),
negative control and the positive controls, Kocide® 3000 and copper sulfate at same metallic
copper concentration (Figure 17 and 18). Total inhibition was not achieved due to reduced

copper loaded in the hybrid silica nanoparticles.

3.3 Approach 3

The copper loaded hybrid silica nanoparticles synthesized by approach 2 had its own
limitations. The final solution had two products. The amount of the deep blue bottom gel
increased with increase in TSPETE.

In the third approach, a totally different method of synthesis was tried involving both acid
and base hydrolysis in a seeded — growth fashion. Stdber silica nanoparticles (base hydrolysis)

was considered as the seed and copper-silica (acid hydrolysis) was grown as the shell around it

3.3.1 Nanoparticle characterization

The formations of highly monodispersed spherical “seed” SiNPs were noticed with
smooth surface morphology (Figure 19) when SEM image analysis was done. The average
particle size attained with this analysis was of 380 nm which on comparison to the C-S CuSiNPs
particle size (estimated to be 440 nm - Figure 20) confirms seeded growth in the particle size of
C-S CuSiNPs by ~35 nm. A more detailed investigation of the SEM image revealed that there is
no separate nucleation and growth of CuSiNPs (i.e. other than “seeded” growth) confirming the
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robustness of the synthesis protocol. The surface morphology of the C-S CuSiNPs was very
uniform and smooth, suggesting acid-catalyzed fast hydrolysis but slow “seeded” growth
process. In TEM, the shell and the core could not be differentiated because of large particle size.

The entire particle appeared as dark contrast (Figure 21 and 22). The increase in particle size for
C-S CuSiNP when compared to SiNP core was consistent with the SEM images. The presence of
copper was confirmed with the SEM-EDS compositional analysis which showed the presence of
copper peak in C-S CuSIiNP (Figure 23). Estimation of particle size and distribution in solution
was done using DLS technique. The estimations from the DLS technique showed the average
particle size to be ~ 430 for SINP (Figure 24) and ~ 438 for C-S CuSiNP (Figure 25). The
difference in particle size in DLS when compared to electron microscopy images could be
attributed to the particle-particle interaction in solution. The amount of copper loading in C-S
CuSiNP was quantified to be 4.9ug copper content / mL of the sample in comparison with the

copper standards by AAS measurements.

3.3.2 Antibacterial studies

There was no zone of inhibition for C-S CuSiNP. This could be attributed to the large
particle size (~440nm) of C-S CuSiNP, holding the copper and unable to diffuse through the agar
which resulted in the inhibition of growth of bacteria through direct interaction of C-S CuSiNP.

The growth inhibitory effects of C-S CuSiNP against E.coli and B.subtilis were studied in
Luria Bertani (LB) medium (Figure 26 and 28). Bacterial growth at different concentrations of

C-S CuSiNP (0.49 to 9.8 ppm) was evaluated after 24 hours of incubation at 36°C by measuring
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the optical density at 600nm (Teysche800 spectrophotometer). Significant inhibition of bacterial
growth against B.subtilis and E.coli was observed due to presence of C-S CuSiNPs in growth
medium. Interestingly, B.subtilis was more susceptible to C-S CuSiNPs than E.coli. This
difference in susceptibility could be attributed to the difference in cell wall structure and
components between the two organisms®'. Compared to Kocide® 3000 and copper sulfate at
same metallic copper concentration, C-S CuSiNP exhibited improved antibacterial efficacy
against both E.coli and B.subtilis (Figure 27 and 29). Improved antibacterial efficacy of C-S
CuSiNP is attributed to increased copper bioavailability (i.e. more “soluble” Cu).

Cu hydroxide is a water-insoluble compound (solubility product, Ks, is 2.2 x 10%°) and
therefore it will produce less “soluble” Cu when dispersed in water. Less “soluble” Cu means
limited Cu bioavailability and hence limited anti-bacterial efficacy. Kocide® 3000 is an ultra-fine
(sub-micron size) particulate Cu hydroxide compound. It is therefore expected that due to high
surface area to volume ratio, Kocide® 3000 Cu hydroxide will produce more “soluble” Cu than
fine (micronized) or bulk Cu hydroxide compound. However, due to inherent water-insolubility,
overall Cu bioavailability of Kocide® 3000 Cu hydroxide is expected to be much less than any
“soluble” Cu compound. On the other hand, copper sulfate at neutral pH gets converted to
copper oxide and obtains a crystalline structure. As a result anti-bacterial efficacy of Kocide® Cu
hydroxide and copper sulfate will be limited. In contrast, Cu environment in C-S CuSiNP
material is very different than any “insoluble” or “soluble” Cu compounds. Cu (II) ions in C-S
CuSiNP are weakly chelated by the silica matrix via silica silanol (Si-OH) groups. The Cu-silica

complex remains in equilibrium with the free Cu (Il) ions and can be considered as mixture of
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“soluble” and “insoluble” Cu, thus improving Cu bioavailability over Kocide® 3000 Cu
hydroxide and copper sulfate.

Minimum Inhibitory Concentration (MIC) of C-S CuSiNP material was determined
against E.coli and B.subtilis by resazurin assay?’. Resazurin assay is a standard cell viability
assay based on the oxidation-reduction of resazurin. It is blue in color in its oxidized non-
fluorescent form. However, it turns pink and exhibits strong fluorescence (Amax = 603nm) upon
reduction to resofurin. This reduction is carried out by oxidoreductases present in viable cells®.
In a typical resazurin assay, 150 pL of resazurin dye (6.75 mg dye per mL of DI water) was
added to 3.0 mL of bacterial broth containing about 1x10° cells / mL. A series of test samples
were prepared with varying concentration of C-S CuSiNPs (2.45 to 14.7 ppm) in a 12 well cell
culture plate (Greiner bio-one). The microtitre plates were incubated on a 150 rpm shaker at
36°C. The color change was noted after 24 hours. Since C-S CuSiNPs are turbid in nature, the
color of the resofurin was not totally pink. Intermediate color between purple and pink could be
seen at higher concentrations of copper. So it was difficult to make a fair assessment of the
results by visualization. Instead, the fluorescence property of the resofurin was considered. The
intensity of fluorescence was measured using a nanolog fluorescence spectrophotometer.
Samples that turned pink completely gave maximum emission intensity at 603nm indicating
maximum number of viable cells. For intermediate colors, there was a peak shift towards the
right as well as decrease in fluorescence intensity indicating decrease in the number of viable
cells. No peak was obtained at 603 nm for copper concentration greater than 4.9 ppm suggesting
absence of viable cells for both E.coli and B.subtilis (Figure 30 and 31). Hence the MIC of C-S

CuSiNP against E.coli and B.Subtilis was estimated to be 4.9 ppm copper concentration.
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Baclight live/dead cell staining®® was also done to determine the cell viability of E.coli
and B.subtilis. The kit contains two dyes — propidium iodide, the red-fluorescent dye which
stains damaged or deformed cells and SYTO®9, the green-fluorescent dye which stains all types
of cells. However, propidium iodide is dominant in dead cells giving it the red color. The C-S
CuSiNP with 9.8 ppm copper concentration showed no live cells of both E.coli and B.subtilis
(Figure 32) indicating 99.9% inhibition consistent with the inhibition in liquid media results. C-
S CuSiNP at a lower concentration (1.2 ppm copper concentration) showed more number of live
(green) cells (Figure 33). Kocide® 3000 and copper sulfate with 9.8 ppm copper concentration
showed more number of live (green) E.coli and B.subtilis cells (Figure 34). Silica nanoparticles
(without copper) also showed more live cells (Figure 35). This confirms the efficient

antibacterial activity of copper in C-S CuSiNP even after a short incubation time.
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Figure 5 - Aggregates of CuSiNP from SEM
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Figure 7 - CuSiNP distribution in water and hydrodynamic radius
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Figure 9 - Zone of inhibition of ~18 mm by copper-loaded hybrid silica nanoparticles
against E.coli
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Figure 10 - Histogram showing decrease in growth of E.coli with increase in CuSiNP
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Figure 12 - Aggregates of copper-loaded hybrid silica nanoparticles from SEM
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Figure 14 - Clear zone of inhibition of ~ 20mm by copper-loaded hybrid silica
nanoaprticles against E.coli
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Figure 15 - Histogram showing inhibition of E.coli with increase in copper-loaded hybrid
silica nanoparticles
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Figure 16 - Histogram showing inhibition of B.subtilis with increase in copper-loaded
hybrid silica nanoparticles
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Figure 17 - Histogram showing inhibition of E.coli by Kocide 3000® and Copper sulfate
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Figure 19 - Monodispersed spherical “core” SiNPs with smooth surface morphology
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Figure 20 - Monodispersed spherical C-S CuSiNPs with smooth surface morphology
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Figure 21 - Spherical “core” SiNPs image from TEM
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Figure 22 - Spherical shaped C-S CuSiNP with increased particle size from TEM
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Figure 23 - Characteristic copper peak from SEM-EDS for C-S CuSiNP
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Figure 27 - Histogram showing inhibition of E.coli by Kocide 3000® and Copper sulfate
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Figure 29 - Histogram showing inhibition of B.subtilis by Kocide 3000® and Copper sulfate
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Figure 30 - Fluorescence intensity of resorufin decreases with increase in C-SCuSiNP
showing decrease in viable E.coli cells
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Figure 32 - Fluorescent microscopy images of E.coli and B.subtilis treated with different
copper concentrations of C-S CuSiNP showing live/dead cells
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Figure 33 - Fluorescent microscopy images of E.coli and B.subtilis treated with Kocide
3000® and copper sulfate at 9.8 ppm copper concentration showing live/dead cells
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Figure 34 - Fluorescent microscopy images of E.coli and B.subtilis treated with silica
nanoparticles showing live/dead cells



CHAPTER 4 CONCLUSION

Copper-loaded silica nanoparticles were synthesized in three different approaches. Each
approach had its own advantages and limitations. In the first approach, a one-step synthesis of
addition of copper sulfate to pre-synthesized spherical silica nanoparticles was tried. Silica NP
surface is negatively charged due to deprotonation of the silanol groups at the neutral pH
condition and the Cu ion in copper sulfate is positively charged. The attraction between the two
oppositely charged species facilitate loading of copper on the surface of silica nanoparticles. Cu
retention in the resulting CuSiNPs was insignificant (0.2 ppm) as most of the Cu ions were
loaded to the silica NP surface. These CuSiNPs were highly aggregated in water. This is due to
the reduction of the overall surface charge of the silica NPs after binding to Cu ions.

So in approach 2, the surface of silica nanoparticles was modified with a water-soluble
silane based surface functionalizing agent, TSPETE which also served as a chelating agent for
the Cu ions, forming copper-loaded hybrid silica nanoparticles. Addition of the TSPETE is
expected to improve overall nanoparticle dispersibility in water as well as copper loading. The
synthesis however led to the formation of two separate layers due to phase separation. A light
blue top solution and a water soluble gel-like substance stuck to the bottom of the container. The
top solution had particle size in microns while the bottom part had particle size ~ 50 nm. The
bottom gel-like substance also had appreciable copper retention when compared to the top
solution and copper-loaded silica nanoparticles of approach 1. The amount of the bottom gel-like

substance increased with increase in TSPETE. This approach is not robust as it did not yield a
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single product. Moreover, TSPETE is a costly chemical and therefore bulk production of the
materials in a cost effective way may not be quite practical for potential agricultural applications.

Approach 3 overcomes some of the limitations of the first two approaches. It is a novel
core-shell design of copper-loaded silica nanoparticles (C-S CuSiNP). This method involves both
acid and base hydrolysis procedures. Stober silica nanoparticles (synthesized by base hydrolysis)
serve as the core and copper-silica (synthesized by acid hydrolysis) was allowed to grow as the
shell around the silica core. Highly monodispersed, spherical shaped particles were obtained as
confirmed by the SEM and TEM imaging techniques. Particle agglomeration was not seen in
silica “core” nanoparticles as well as core-shell copper loaded silica nanoparticles. Improved
copper loading was seen which was confirmed by the AAS. The SEM-EDS elemental
composition data showed a characteristic peak for copper. Antimicrobial studies show significant
growth inhibition against both gram-negative and gram-positive bacteria. Total inhibition was
also achieved which can be correlated to improved copper retention. Our study indicates that
bioavailability of Cu has increased in C-S CuSiNP in comparison to positive control Cu
hydroxide, an “insoluble” sub-micron size Cu compound and copper sulfate due to availability of
more “soluble” Cu. Improving efficacy of Cu biocide has clear advantage of reducing
undesirable burden related to Cu toxicity in the environment.

For example, with improved Cu bioavailability, it is feasible to use the present C-S
CuSiNPs in spray-based formulations to spray-coat touch surfaces to generate antimicrobial
“touch-safe” surface. Since silica is a biocompatible material carrying only 0.01 wt% metallic
Cu, it is expected that the spray formulation containing C-S CuSiNPs could be considered as

environment-friendly. This design can also be used to load any other antibacterial agent (such as
41



silver, zinc ions, nanoparticles, antibiotics etc.) within the silica shell. The core is a

biocompatible matrix and its surface can be modified easily to attach ligands.
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