Journal of

Materials Chemistry B

Accepted Manuscript

Journal of

Materials Chemistry B

d medicine

ROYAL SOCETY
U, OF CHEMISTRY

>

' ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

www.rsc.org/materialsB


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 10

Journal Name

ARTICLE

Cite this: DOI: 10.1039/X0XxX00000X

Received ooth January 2012,
Accepted ooth January 2012

DOI: 10.1039/X0XX00000X

www.rsc.org/

Journal of Materials Chemistry B

RSCPublishing

Amino- and ionic liquid-functionalised
nanocrystalline ZnO via silane anchoring - an
antimicrobial synergy

Marjeta Cepin®, Vasko Jovanovski®’, Matejka Podlogar” and Zorica Crnjak Orel*"

The synthesis of highly antimicrobial nanocrystalline zinc oxide and its covalent modifications
is presented. In order to achieve further improvement of antimicrobial activity, surface of ZnO
was effectively modified with selected silanes comprising amino- and ionic liquid-
functionalities. We demonstrate for the first time ionic liquid surface immobilization on ZnO
and application of this hybrid material for antimicrobial purposes. Different microscopic and
spectroscopic techniques as well as size, surface and elemental composition analysis were
employed to prove these modifications. Characterisations revealed that surface and
antimicrobial properties strongly depend on the modification employed. Most of the amino-
and ionic liquid-functionalised nanocrystalline ZnO exhibited improved antimicrobial activity
compared to commercially available silane-containing antimicrobial agent attached to
nanocrystalline ZnO. Bacterial growth reduction was assessed by following optical density of
bacterial growth with different concentrations of the novel antimicrobial nanomaterials.
Complete Dbacterial inactivation was achieved for specific amino- and ionic liquid-
modifications at 0.125 g L', revealing synergistic effect of ZnO and its modifications,

exhibiting up to 2-fold improvement compared to unmodified ZnO.

Introduction

Zinc oxide (ZnO) nanostructures are gaining increasing interest
in numerous areas of material research. This abundant and non-
toxic metal oxide is widely used as a semiconductor in design
of photocatalysts'?, solar cells™*, gas and chemical sensors™®,
catalysts’, piezoelectric transducers®, opto-electrical devices’,
UV shielding'® and bioimaging''. In addition, ZnO is used in
antifouling paints'?> and for water disinfection and microbial
control". For this wide range of applications ZnO is often used
in the form of particles and the size and surface properties of
the these are of great importance.

Adsorbed or more attractive covalently bonded organic layers
onto the surface of metal oxides'* have been widely researched
and can be used to alter surface properties to serve numerous
applications. Functionalizations of metal oxides in particular,
could be beneficial because of the importance of these materials
in several hybrid inorganic-organic applications. For this
purpose, functional trialkoxysilane anchoring compounds have
often been used as they form covalent bonds with both
inorganic and organic materials. Hitherto reported silane
functionalization was mainly focused on silica nanoparticles,
TiO,, ZnO and others for obtaining promising hybrid systems.

This journal is © The Royal Society of Chemistry 2013

They are currently investigated for use in biosensors', light-
emitting diodes'® and polymers with tailored properties'’.
Another practical aspect of surface modification is to prevent
agglomeration'® of metal oxides and growth of nanostructures'®
by reducing surface energy. Various ZnO structures with
modified surface have been thus far employed for
electrochemically adjustable wettability by using ferrocene-
functionalised silane®, tailoring wetting behaviour’'*, grafting
PMMA onto ZnO particles'®?, biotinylation of ZnO
nanoparticles®, and solid-phase extraction®® by using long-
chain alkyltrimethoxysilane.

Ionic liquids are a well-established family of materials known
for their extraordinary chemical and physical properties, e.g.
liquid at temperatures below 100 °C, negligible vapour
pressure, high ionic and temperature conductivity, and they
have found way into numerous applications, e.g. optoelectronic
devices””?®, batteries®, supercapacitors®’, polymers®', bio-
applications®® etc. Ionic liquids have been also employed in
ZnO synthesis®*>®, however to our best knowledge ionic liquids
have never been chemically grafted onto ZnO surface.

Ionic liquids are close relatives of quaternary amines that have
been used extensively and very effectively by Klibanov et al. as
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antimicrobial agents®”

, efficiently rupturing cell membranes
on contact with no developed resistance®”. Development of
antimicrobial materials is a fast-growing field*® especially with
the focus on preparing antibacterial coatings for prevention of
spreading infections, particularly non-selective robust
antimicrobial agents such as metal oxides*'. ZnO in its various
morphologies and its composites possesses good antimicrobial
42-46 in the absence of UV

and fungi*. It has also been

exhibited even
43, 47

properties'™>
illumination against bacteria
reported to be a superior antibacterial agent compared to the
studied TiO,". Its
robustness make it very attractive for practical applications.

more commonly effectiveness and
There are different hypotheses about the mechanism of ZnO’s

antibacterial action. Commonly accepted mechanism is
formation of reactive oxygen species (H,O, HO', 0,)%,
predominantly under UV illumination, causing oxidative stress
on bacterial membrane. Release of Zn*" can also contribute to
the toxicity of ZnO'? and was even proposed to be a dominant
mechanism of toxicity of ZnO*. There are also reports proving
ZnO nanoparticle surface itself triggering fatal bacterial
membrane disorganization on contact even without significant
release of Zn** *°. Few reports also claim bacterial growth
inhibition due to accumulation of ZnO nanoparticles in
cytoplasm®® ",

Since all of the abovementioned mechanisms involve the active
surface of ZnO, further improvement of the antimicrobial
activity would be achieved by surface modification.
Antibacterial studies have been mainly performed on the bare
ZnO nanomaterials, scarcely on the surface-functionalized

nanomaterials®’3!"53,

although it has been shown that the
functionalised surface can significantly affect antimicrobial

activity of ZnO, as well as other materials such as TiO,>.

In this work we focused on the synthesis of nanocrystalline
ZnO with very high inherent antimicrobial activity and
development of a simple method for their functionalization with
selected amino and ionic liquid-functionalised silane anchoring
groups to obtain novel hybrid materials that even further
enhance the antimicrobial efficiency against Gram-negative
coli (E.
Staphylococcus aureus (S. aureus). Silanes with one, two and

bacteria Escherichia coli) and Gram-positive
three amino groups were chosen for the task as well as two
ionic liquid silanes. This is the first example of using ionic
liquid surface modification for antimicrobial applications to our
best knowledge. Surface modifications for antimicrobial study
were compared with pristine ZnO and ZnO modified with a
surface agent commonly used due to its strong antimicrobial
properties.

A comprehensive structural and antimicrobial characterization
of produced ZnO nanocrystals was performed. Ionic liquid and
some amines immobilisation on the surface of nanocrystalline
ZnO were studied and its significant increase the antimicrobial
activity will be presented and discussed.

2| J. Name., 2012, 00, 1-3

Experimental section

Zinc nitrate hexahydrate (Zn(NO;),*6H,0, Sigma-Aldrich),

sodium hydroxide (NaOH, Merck), ethylene glycol (EG,

Merck), 3-Aminopropyltrimethoxysilane (ABCR), N-(2-
aminoethyl)-3-aminopropyltrimethoxysilane, 3-
methoxysilylpropyldietilenetriamine, bis-
(trimethoxysilylpropil)amine (ABCR), octadecyldimethyl(3-

trimethoxysilylpropyl) ammonium chloride (60 % in methanol,
ABCR), 3-chloropropyltrimethoxysilane (ABCR), 1-
methylimidazole (ABCR), 3-methylpyridine (ABCR), toluene
(Aldrich), diethylether (Aldrich) and etanol (EtOH, absolute
and 96%, Carlo Erba) were of analytical grade and were used
without further purification. Luria-Bertani broth (LB) bacteria
growth medium was prepared by standard procedure described
in ref. .

Nanocrystalline ZnO was prepared by solvothermal synthesis
following a slightly modified procedure reported in the work of
Ghoshal et al.’’. 0.2 M Zn(NO;), and 0.2 M NaOH were mixed
in EG/water
concentration of zinc ions and sodium hydroxide in the 800 mL

(volume ratio of 1:1), keeping the total
reaction mixture constant at 0.1 M. Synthesis of ZnO was
carried out in a sealed laboratory Teflon bottle (capacity 1 L) at
90 °C for 2 h. Soluble by-products were removed by repetitive
centrifugation (6 min at 8.000 rpm min™") and washing with
water and the obtained white precipitate was dried in an oven at
60 °C for 12 h.
1-Methyl-3-[3-(trimethoxysilyl)propyl]imidazolium  chloride
(IL1) was synthesised according to our previously published
procedure®”*® but using chloro-derivatised silane instead. 37.2 g
(0.19 mol) 3-chloropropyltrimethoxysilane was added to a
solution of 1-methylimidazole 14.6 g (0.18 mol) in 100 mL
toluene. The mixture was refluxed for 16 h resulting in
formation of two phases. The mixture was allowed to cool and
the solvent was decanted. Crude ionic liquid was transferred to
a separatory funnel, washed three times with 100 mL of
diethylether and dried in vacuo. 37.1 g (74 %) of yellowish
liquid MTMSPIC was obtained. '"H NMR (400 MHz, DMSO-
dg, 0): 0.55 (m, 2H), 1.82 (broad s, 2H), 3.4 (s, 9H), 3.9 (s, 3H),
4.2 (m, 2H), 7.7 (s, 1H), 7.8 (s, 1H), 9.2 (t, ] =7.7 Hz, 1H).
chloride

(IL2°) was synthesised in a similar manner, which also

3-Methyl-1-[3-(trimethoxysilyl)propyl]pyridinium

corresponds with the procedure described in ref.”’. 35.3 g (0.18
mol) 3-chloropropyltrimethoxysilane was added to a solution of
3-methylpyridine 15.7 g (0.17 mol) in 100 mL toluene. The
mixture was refluxed for 16 h after which two phases formed.
The mixture was allowed to cool which resulted in precipitation
of the product. Crude ionic liquid was filtered under reduced
pressure, washed several times with 100 mL diethylether and
dried. 31.2 g (62 %) of hygroscopic white solid MTMSPIC was
obtained. '"H NMR (400 MHz, DMSO-d,, 8): 0.6 (m, 2H), 2.0
(m, 2H), 3.16 (s, 3H), 3.48 (s, 9H), 4.63 (m, 2H), 8.09 (dd, 1H,
J,=8 Hz, J,=6 Hz), 8.50 (dd, 1H, J,=8 Hz, J,=0.6 Hz), 9.12 (m,
1H), 9.25 (s, 1H).

This journal is © The Royal Society of Chemistry 2012
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Functionalization of the nanocrystalline ZnO

In a typical experiment 0.5 g of prepared ZnO was dispersed in
40 mL ethanol (96 %) together with 2 mL of silane in a round-
bottom flask and sonicated for 15 minutes. After, the flask was
transferred to a heating mantle and refluxed under nitrogen for
24 h. After cooling the functionalised ZnO was collected by
centrifugation followed by copious washings with ethanol and
drying at 60 °C for 16 h.

The samples were characterized by scanning field emission
electron microscopy (FE-SEM, Zeiss Supra 35 VP) in order to
define their size and morphology. For FE-SEM measurement,
materials were first sonicated and filtered through 200 nm filter
paper (Millipore) previously sputtered with gold.

Samples were further studied using TEM microscope (JEM
2100, Jeol Ltd., Tokyo, Japan) operating at 200 kV. A fraction
of the particles in the form of a suspension in ethanol was
transferred on a lacy, carbon-coated Cu-mesh, dried and
the TEM
(HRTEM) and Fourier transform (FFT) pattern were employed

examined with microscope. High-resolution
in order to examine the structure of the materials.
X-Ray powder diffraction analyses (XRD) were carried out on
a Siemens D5000 X-ray diffractometer with Cu-Ka radiation (A
=1.54 A) at 40 kV and 30 mA.

Infrared spectra of pristine and functionalized ZnO nanocrystals
were recorded on a Bruker model IFS 66/S equipped with an
attenuated total reflection (ATR) cell (SpectraTech) with a
diamond crystal (n = 2.4). The spectra were recorded over the
range 4000 — 370 cm™', with a resolution of 4 cm™ and averaged
over 128 spectra.

For size distribution measurements dynamic light scattering
(DLS) was performed using a Zetasizer Nano ZS laser
scattering system with a 633 nm laser source (Malvern
UK). The
maintained at 173° to minimize the effect of multiple scattering.

Instruments, intensity of scattering light was
Setting of measurement material refractive index was 2.00. The
investigated water suspensions were put into 10 mm diameter
polystyrene cuvettes (Brand, Germany). All analyses were run
at 25 °C in 20 repetitions.

Zeta potential measurements were carried out in a Malvern
Zetasizer Nano Series (Malvern Instruments, UK). Bare and
modified ZnO nanocrystals were suspended in MQ water and
sonicated. The average of the zeta potential values was
calculated by three independent measurements. pH of the
measuring solutions was kept at 8.0.

Elemental analysis was performed with an inductively coupled
plasma atomic emission spectrometer (ICP-AES) (Thermo).
Bare and modified ZnO nanocrystals were dissolved in 5 %
HCI solution and analysed for Zn and Si content in the samples.
For determination of solubility of Zn** and corresponding
silanes 10 mg of the examined material were mixed with 10 mL
of LB medium. The samples were stirred at 37 °C for 12 h
simulating the conditions of bacterial growth analysis.

The antibacterial activity of zinc oxide nanoparticles was
measured in antibacterial assay using microtiter plates for
bacterial growth.

This journal is © The Royal Society of Chemistry 2012

Journal of Materials Chemistry B

Gram-negative bacteria E. coli strain DH5a and Gram-positive
S. aureus were used to test growth inhibition studies of ZnO
nanoparticles. For antibacterial assay, the bacterial strain was
first grown on solid nutrient agar medium and from the agar 20
mL LB medium was inoculated with fresh bacterial colony and
incubated at 37 °C overnight in an Erlenmeyer flask with
vigorous shaking at 170 rpm. Then 500-fold dilution of the
overnight culture was made and incubated until the culture
reached exponential phase. Working cell solutions were
prepared with optical density 0.01 at 600 nm (ODyggg). ODgg of
0.5 corresponded to a concentration of 4x10° CFU mL™ of
medium.

All ZnO sample suspensions were prepared prior to the
experiments in sterile MQ water to a stock solution of 40 mg
mL" and all samples were sonicated for 15 min at 40 kHz.
Stock diluted to the
concentrations in LB medium.

suspensions were required final
To examine the bacterial growth rate or the bacterial growth
behaviour in the presence of pristine and functionalised ZnO
nanocrystals, bacterial cells were grown in a 96-well microtiter
plate containing LB medium supplemented with various
concentrations of ZnO. Serial dilutions of suspensions in a
volume of 200 pL were pipetted onto microtiter plate. Final
ZnO concentrations were as follows: 0.5, 0.25, 0.125 and
0.0625 mg mL™". Each plate had samples in triplicates and a set
of controls: ZnO in LB medium as a blank value for ODyg,
measurements and inoculated medium without ZnO. Similar
experiments were performed also for Zn*" and examined silanes
Zn(NOy), - 6 H,O was taken as Zn*" source.

The bacterial growth curves were acquired by measuring ODy
of the cultures and plotting it against time. OD measurements
were made using Synergy 4 Multi-Mode Microplate Reader
(BioTek) controlled by Gen5™ Software. Cells were shaken in
a microplate reader at 37 °C and measurements were made

every 10 minutes for 15 hours. Reusability study was
performed by adding fresh inoculums of E. coli every 12 h for 5
days.

Plate assay method was used to determine the presence of
viable bacteria by plating E. coli after 12 h treatment onto LB
agar plates containing 0.5 and 0.25 g L' of ZnO-based
materials and incubated at 37 °C. Confocal laser scanning
microscope (Leica TSP SP5) was employed after treatment
with 0.125 g L' of investigated ZnO materials using the same
conditions as for plate test to determine Live/Dead assay with
L7012 LIVE/DEAD BacLight™ Bacterial viability kit
(Molecular probes). E. coli was labelled with green SYTO (live
and dead bacteria) and red propidium iodide (only dead
bacteria) dyes. Growth media (LB) was replaced with 0.85 %
NaCl aqueous solution. 1 pL of solution containing equal
volumes of both dyes was added to bacterial suspensions and
after 15 minutes in the dark measured with the microscope.
Where no or little surviving bacteria were observed, more
concentrated bacterial suspension was taken for measurements.

J. Name., 2012, 00, 1-3 | 3
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Statistical analysis

For both bacterial strains growth curves were fitted (non-linear
regression) to the Sigmoidal-Boltzmann equation with Origin
software:

0D;—-0Dg
1+e(t—to)/dt

0D600 = + ODF Eq 1

where ODy is the estimated initial optical density, ODy is the
measured final OD and t, is the centre (where OD takes on the
average of OD; and ODg). The curves were fitted individually
and the results (average OD, standard deviation and minimal
inhibitory concentration (MIC) for 90 % of bacterial growth
inhibition) were taken after 12 h.

Bacterial growth reduction was calculated from fitted growth
curves for modified materials after 12 h following the
equation®:

R‘%zwxloo% Eq. 2

ODcontrol . .
where ODgpiro1 and ODgyppie are optical density measured for the
control sample (without antimicrobial agents) and the

nanocrystalline ZnO materials, respectively.

Results and discussion

It has been observed that different morphologies of ZnO
nanomaterials have diverse effects on antimicrobial capacity®".
There are several reports of using colloidal ZnO suspensions,
exhibiting high crystallinity or even ZnO quantum dots, as
exceptionally effective antimicrobial agents***'®!"*_ Therefore,
our goal was to prepare nanocrystalline ZnO with high inherent
antimicrobial activity before any further surface modification.
Out of several synthetic approaches towards ZnO nanomaterials

k%% (not shown) we opted for synthesis of

from our past wor
ZnO nanocrystals following modified procedure presented in
the work of Ghoshal et al.*®. Namely, the ethyleneglycol/water
solvent mixture afforded sufficient conditions to effectively
produce highly nanocrystalline ZnO at rather low temperature

(90 °C, 2 h) in favourable yields (45 %).

50 nm
—

» Sl 100 nm |
B 4 * &% — e
Figure 1: SEM images of prepared untreated ZnO nanocrystals
(left) and ZnO functionalised with IL1 ionic liquid modification

(right).

SEM microscopy showed well-separated particles of ZnO with
size < 50 nm (Figure 1). XRD analysis unveiled wurtzite-type
ZnO (JCPDS 01-089-1397, Figure 2). According to the Debye-
Scherer’s equation from XRD pattern the size of ZnO
crystallites was determined to be about 30 nm. Characterization
of the synthesized ZnO using TEM confirmed the high

4| J. Name., 2012, 00, 1-3
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crystallinity of the powder (Figure 3b, 3¢, FFT pattern). This
high resolution image also reveals how the crystal lattice
abruptly ends and it is free of any amorphous layer. As-
prepared ZnO had comparable or even enhanced antimicrobial
activity (Table 1) compared to other reported ZnO
nanomaterials®*""®, It should be stressed that all the
measurements done prior
illumination of the samples; therefore any photocatalytic effect
of ZnO should be excluded. Since amines, especially
quaternary ones have proven to be very efficient antimicrobial
materials and there have been some cases of using
aminopropyltrimethoxysilane in combination with ZnO, we
expanded the study by employing silanes having additional
amino groups. The goal was to examine the contribution of also
secondary amines to the overall antimicrobial activity. Ionic
liquids can also be considered to some extent as quaternary
amines with heterocyclic aromatic cations. Since they have
never been used for this application two ionic liquids were
designed to comprise a silane anchoring group with
imidazolium and pyridinium cation, respectively.

antimicrobial were without

101

2000

Intesity / a.u.
100
— 002
110

102

UL

20 40 20/° 60

Figure 2: XRD diffractogram of untreated (pristine)
nanocrystals.

Zn0O

£

Figure 3: (a) TEM image of untreated ZnO nanocrystal in the
(011) direction showing a lattice distance in (100) plane. (b)
Corresponding fast Fourier transform (FFT) pattern along with
(c) simulated diffraction pattern. (d) TEM image of ZnO
covered with amorphous layer of IL1.

This journal is © The Royal Society of Chemistry 2012
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It is well-known that quaternary amines exhibit high
antimicrobial activity with positive charge attracting the
slightly negative charged bacterial membrane and a long alkyl
chain pendant group rupturing the cell membrane. However, it
was shown that simple aminopropyltrimethoxysilane exhibited
good antimicrobial efficacy’>*®. Probably positive charge
originating from protonation of amino group at pH 7 (pKa
of -NH;" = 9) is sufficient for rupturing the cell membrane in
the absence of long alkyl chain. Therefore, more amino groups
would further contribute to the overall positive charge and
hence antimicrobial activity unless a longer amino-containing
chain would manifest sterical constrains for effective binding to
the ZnO surface. In this case only a partial surface coverage
would occur, hindering full antimicrobial potential of the
surface modification. On the other hand a fully-covered ZnO
surface with a modification having poor antimicrobial activity
would prevent either the ZnO surface or released Zn*" to come
in contact with the bacteria membrane. Semipermeable
coverage would therefore display the synergy of both ZnO and
its surface modification.

Surface modification of nanocrystalline ZnO with amino and
ionic liquid groups via silane anchoring is shown in Scheme 1.
All reactions were carried out in 96 % ethanolic (4 % water)
solution under reflux temperature which proved the most
optimal regarding homogeneity out of several solvents
investigated, such as toluene or tetrahydrofurane (not shown).
A large excess of amine served as alkaline catalyst for
condensation of silane onto ZnO surface.

A2 NH A3
Al ‘\HZN\\\‘ n NH
\%)_‘S‘ivOMe %
OMe
cr »

OMe
—NENT s
N Meo OMe|

L1

MeO
5i-OMe

//f Ome

NH

Meo‘,Si'OMe
MeO

AD

Scheme 1: Modification of nanocrystalline ZnO with different
amino and ionic liquid functionalities via silane anchoring.

Several experiments were performed to prove successful
functionalization of ZnO. SEM images (Figures 1 and 4) of
modified ZnO nanocrystals show nearly no difference in size
and shape of the particles, however depending on the certain
modification, agglomeration of particles became more evident.
Modifications A2, A3, IL1, IL2 exhibit even more improved
separation of particles compared to pristine ZnO. Modification
AD unveiled strong agglomeration as a consequence of

This journal is © The Royal Society of Chemistry 2012
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covalent association between double-silane and ZnO. C-
modification revealed moderate agglomeration as a result of
intermolecular dispersive forces between long alkyl chains. Al-
modification showed some particle agglomeration, probably
due to short length of the aminopropyl group. These results are
in accordance with the DLS and {-potential measurements
discussed further below. DLS measurements further confirmed
the increased sizes of particles in suspensions (listed in Table 1)
due to the measured hydrodynamic diameter. In the case when
bis-(trimethoxysilylpropil)amine (AD) was used the two silane
groups caused substantial agglomeration of particles. HR-TEM
image of IL1-modification revealed approximately a 2 nm
amorphous layer not present in unmodified ZnO presented as
inset in Figure 3d. Infrared analysis depicted in Figure 5
revealed characteristic bands for C-H stretching in the 2994-
2800 cm™' region. Logically, this band was more intense with
modifications having longer alkyl chains. Strong bands ascribed

100 nm
—

y

o)

e, 100 nm

et »: N -
4: SEM images of different modifications of ZnO
nanocrystals. Inset images at higher magnification.

Figure

to Si-O-Si at 1013 and 1100 cm™ appeared only with previously
mentioned AD showing preferential silane-silane condensation.
Other silanes exhibited only a weak shoulder in this region of
the IR spectrum proving successful surface modification of
ZnO associated with the broad band at 750-900 cm™, probably
a consequence of overlaying of Si-O-Zn, Si-C and Si-O-Si
bands®’.
increased intensity of this band compared to the pristine ZnO.
Additionally, broad absorption bands at 3370 cm™ and 1640
cm™' were respectively assigned to the stretching and bending

IR spectra in this region unveiled significantly

vibration modes of -OH groups on the surface of ZnO'®. The
broad band in the region from 1500 to 1270 cm™ was attributed
to various modes of nitrate (1390 cm™)®, A-type band at 1275
cm™ (-NH,) and methyl and methylene deformations (1480-

J. Name., 2012, 00, 1-3 | 5
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1280 cm™)®. A very strong band at 485 cm™' indicated two
transverse optical stretching modes of ZnO'®.

485 <

880
1 1400

\ 1013

2026
f 2853 1640

P —
T T
4000 3500 3000

T T T
1500 1000 500
Wavenumber [cm™]

Figure 5: Infrared spectra of pristine and functionalized ZnO
nanocrystals.

the
measurements were performed. The results gathered in Table 1

To  corroborate surface  modification C-potential
show significant surface alteration as values stretched from -37
mV for unmodified ZnO (which corresponds with the value
previously reported’’) to above 30 mV for some aminosilane
and ionic liquid modifications. Aminopropyltrimethoxysilane
(A1), (AD)
octadecyldimethyl(3-trimethoxysilylpropyl) ammonium
chloride (C)-modified ZnO revealed 5.1 mV, 6.7 mV and 5.5

mV values, respectively. Low value of Al-modification can be

bis-(trimethoxysilylpropil)amine and

explained with short alkyl chain length allowing some amino
groups to turn towards ZnO acting as ligands. AD exhibits
predominantly the
particles, which both contributed to lower C-potential values. C-

siloxane character and agglomerated
surface functionalization also increased the size of particles
(DLS) and gave them a hydrophobic and non-ionic character. In
addition, very
dispersive forces to prevail making such modified ZnO very
unstable in

long alkyl chains enabled intermolecular
suspension. In case of 3-
methoxysilylpropyldietilenetriamine (A3) and 1-methyl-3-[3-
(trimethoxysilyl)propyl]imidazolium chloride (IL1) the C&-
potential value preceded 40 mV revealing strong positively
charged surface and very high stability of colloidal suspension
of particles with potential industrial application. It has to be
stressed that all {-potential measurements were carried out at
pH 8.07°, therefore change in the values can only be a result of
successful surface modification.

In order to even further assess the functionalization rate of ZnO
surface, elemental analysis using ICP-OES was carried out
measuring the molar ratio between Zn and Si in prepared
functionalised ZnO systems. The results listed in Table 1 reveal
relatively high molar percentage of Si with the values between
11 and 15 % and AD with over 17 % Si content. The latter
came as no surprise as AD-modification underwent self-
condensation.

6 | J. Name., 2012, 00, 1-3

Table 1: Material characterisation, antimicrobial activity and
leaching of Zn and Si into growth media of pure and
functionalized ZnO.

Page 6 of 10

Size ¢- Si Solubility in LB
Sample | (DLS) potential | content | 7, [mgL | Si[mgL
[nm] [mV] [%] B b
ZnO 77+28 -37.0 0* 0.108 0*
Al 119434 5.1 15.1 0.012 0.072
A2 79423 31.6 13.9 0.030 0%
A3 88+24 42.0 14.9 0.034 0%
AD 131+49 6.7 17 0.200 0.011
IL1 79+23 434 11.3 0* 0*
IL2 76421 30.3 13.1 0.006 0.019
C 117+42 5.5 132 0* 0.021

* below detection limit

Figures 1SI (supporting information) and 2SI respectfully
depict E. coli and S. aureus growth curves for unmodified and
functionalised nanocrystalline ZnO. As previously mentioned it
was our goal to produce highly antimicrobial ZnO nanocrystals
before any further modification. The antimicrobial activity was
determined by calculating minimal inhibitory concentration
(Table
regression) ODggo values of growth curves after 12 h (taking

2) from Sigmoidal-Boltzmann fitted (non-linear

into an account 90 % growth reduction). Several concentrations
of unmodified ZnO were investigated and the results showed
that concentration 0.125 g L' diminished the bacterial growth
by approximately 50 %. This result is comparable with
colloidal ZnO®'. Concentrations of ZnO > 0.25 g L™ inhibited
growth of both bacteria strains completely, proving that a very
effective antimicrobial precursor material was obtained. It can
also be observed that when present in small concentration i.e.
0.0625 g L'of ZnO there was an increased growth rate in the
case of S. aureus likely caused by a small % of bacteria in the
initial culture dying and the dead cells then serving as a food
source for the surviving bacteria which can then grow to a
higher OD than in the control. Al-modified nanocrystalline
ZnO revealed decrease of MIC from 0.19 g L™! for pristine ZnO
to 0.08 g L for E. coli and a small decrease of MICfor S.
aureus (0.12 g L' compared to 0.13 for ZnO) at the
concentration 0.0625 g L. This information together with
growth curves (Figures 1SI and 2SI) demonstrate very good
antimicrobial potential surpassing the previously reported
hybrid*>,
antimicrobial activity against £. coli was determined after UV-

aminopropyltrimethoxysilane-ZnO where
illumination, by an order of magnitude. N-(2-aminoethyl)-3-
aminopropyltrimethoxysilane (A2) modified ZnO revealed
similar MIC to A1 for E. coli (0.11 g L™")and 0.13 g L™ for &.
aureus. 3-Methoxysilylpropyldietilenetriamine (A3)-modified
ZnO was very efficient and both bacteria showing very low
MIC values 0.09 g L' for E. coli and 0.11 g L' for S. aureus .
AD-modification revealed inferior antimicrobial effectiveness

This journal is © The Royal Society of Chemistry 2012
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compared to abovementioned amines. This could be explained
with the sterical hindrance of two silane groups that also acted
as coupling agents consequently causing agglomeration of ZnO
particles. MIC values increased compared to ZnO. It is entirely
possible that in this case ZnO played the main antimicrobial
role and the AD-modification caused a slight deterioration of
antimicrobial effect. Both selected ionic liquid modifications
displayed expected high antimicrobial effectiveness exhibiting
low MIC values. In order to assess the antimicrobial quality of
modifications examined thus far we replicated the ZnO

Table 2: Minimal inhibitory concentrations of ZnO and its
modifications for E. coli and S. aureus.

Journal of Materials Chemistry B

modification protocol with commercially available silane
antimicrobial agent octadecyldimethyl(3-trimethoxysilylpropyl)
ammonium chloride (C)"""? often chosen as a strong
antimicrobial textile finishing agent taking advantage of its sol-
gel capabilities to covalently bond onto OH groups of the
cellulose fibres. In our case it seems that this modification
blocked the ZnO surface, caused agglomeration and increased
size (according to SEM and DLS) of the particles and
subsequently showed impaired antimicrobial activity.

MIC (g/L)
bacteria
ZnO Al A2 A3 AD 1L1 1L2 C
E. coli | 0.19£0.00 | 0.08£0.02 | 0.11£0.00 | 0.0940.02 | 0.2240.00 | 0.10+0.00 | 0.07+0.01 | 0.21+0.02
S. aureus | 0.13£0.00 | 0.12+0.00 | 0.13£0.00 | 0.11£0.01 | 0.24+0.01 | 0.09+0.02 | 0.10+0.01 | 0.43+0.05

Several experiments were performed in order to obtain better
understanding of the mechanisms responsible for the excellent
antimicrobial properties of the investigated materials. Although
the optical density measurements of bacterial growth were
carried out at 600 nm, therefore relatively far from ZnO’s
bangap, formation of reactive oxygen species (ROS) cannot be
completely overruled, especially, since their existence has been
observed also under normal visible light conditions*. However,
in our opinion this is not the predominant disruptive mechanism
in our case. Another possibility would be the release of Zn*" by
surface dissolution of ZnO in LB medium. If silane-modified
nanomaterials would partially dissolve an increase of Si in the
solution would also occur. The results gathered in Table 1 show
only a minimal increase (0 — 0.2 mg L") of Zn*" and (0 — 0.02
mg L") Si compared to LB medium. Antimicrobial activity
(Figure 3SI) and minimal inhibitory concentration (MIC)
studies were performed also for Zn*' and silanes used for
modification of ZnO. The results listed in Table 3 display
strong antimicrobial activity of Zn*" with MIC at 0.1 g L™ and
relatively weak activities of employed silanes. Reusability
studies were also carried out by adding fresh inoculums every
12 h for 5 days. Results gathered in Figure 4SI show excellent
antimicrobial long-term efficiency of most of examined
materials.

The morphology of E. coli before and after treatment reveals
significant changes. Figure 5SI unveils considerable damage to
bacteria’s membrane after 12 h treatment with A3 (0.5 g L™).
Plate assay was performed to asses killing or inhibition of
microorganisms. The results depicted in Figure 6 show 100 %
bacterial growth reduction after treatment with A1, A2, A3, IL1
and IL2 using 0.25 and 0.5 g L™ of investigated ZnO materials.
ZnO exhibits excellent growth inhibition (<100 CFU mL™"). AD
and C modifications on the other hand reveal poor growth
inhibition. Confocal fluorescent microscope analysis was
performed to assess Live/Dead assay. The results gathered in
Figure 6SI depict the ratio between live and dead E. coli

This journal is © The Royal Society of Chemistry 2012

bacteria after treatment with 0.125 g L' of investigated ZnO
materials. These results confirm the plate assay.
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= 1000000
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Figure 6: Plate assay for different ZnO modifications

Since the solubility of investigated ZnO materials (measured
Zn*" in LB medium) is approximately 500 times lower than the
measured MIC of Zn®" we can exclude the release of Zn*" as
the
Moreover, high MIC values of free silanes employed in the

predominant mechanism of bacterial inactivation.
study confirm the synergy effect of the functional silanes

anchored onto the ZnO surface, causing fatal bacterial

membrane disorganization on contact.

Table 4: Minimal inhibitory concentration of Zn®>" and
functional silanes for E. coli.

MIC (g/L)
Zn?* Al' A2 A3 |ap'| w1 | w2 |c
E. coli | 0.1120.00 | 3.940.0 | 6.8+0.2 | 1.9+0.3 | / |62.6x0.1 | 2493 ] /

J. Name., 2012, 00, 1-3 | 7
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Conclusions

Synthesis of nanocrystalline ZnO with strong antimicrobial
properties was developed and optimised. Its antimicrobial
activity was further enhanced by covalent surface modification
with functional silanes. Commercially available aminosilanes
and especially laboratory-prepared ionic liquid-silanes were
successfully attached to the ZnO surface for the first time.
Surface alterations were corroborated with TEM and SEM
analysis, C-potential, IR  spectroscopy
composition. These modifications predominantly exhibited

and elemental
significantly improved antimicrobial activity compared to
inherently strong activity of prepared ZnO. Amino- and IL-
functionalisations of ZnO yielded well-separated particles with
displaying 100 %
bacterial inactivation at merely 0.125 g L', enhancing this

an exceptional antimicrobial activity,
characteristic for an order of magnitude compared to previously
reported results.
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