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Abstract

Aqueous ZnO nanoparticle dispersions interaction with a dioleoyl phosphatidylcholine
(DOPC) monolayer is reported in this paper. ZnO-DOPC interactions were investigated
using rapid cyclic voltammetry (RCV) by focusing on the effect of the interactions on the
characteristics of the capacitance current peaks representing two potential induced phase
transitions. Results showed:- (1) The order of interaction of common commercially
sourced nanoparticles with DOPC coated Hg electrodes was NanoTek > NanoShield >
metals basis. This extent of interaction was inversely related to the ZnO particle size
where the metals basis nanoparticles were strongly aggregated. The contribution of the
non-ionic dispersant added by manufacturer to the NanoTek and NanoShield interaction
was uncertain. (2) Freshly prepared aqueous Nanosun ZnO nanoparticle (~25 nm)
dispersions interacted with and penetrated DOPC coated Hg electrodes. Aggregation of
the nanoparticles, coating of the ZnO with phosphate and coating of the ZnO with fulvic
acid minimised ZnO-DOPC interaction. (3) In-house synthesised ZnO nanopatrticles of
lower primary particle size (~6 nm) than Nanosun ZnO nanoparticles interacted strongly
with DOPC coated Hg electrodes with no evidence of penetration of the nanoparticle in
the DOPC monolayer. Even after considerable aggregation of the particle to between 1
and 10 gm a strong interaction of the in-house synthesised ZnO with DOPC was
observed.

Keywords: Zinc oxide nanoparticles; Phospholipid monolayers; Rapid cyclic voltammetry;
Particle size; Particle aggregation.
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1. Introduction

The increasing use of engineered nanoparticles has given rise to heightened concern for
their biological activity and environmental impact [1]. Nanoparticles in aqueous dispersions
have dimensions and properties in between those of micrometer-sized particles and
dissolved compounds [2]. Their thermodynamics, transport, mechanical and chemical
properties are dependent on their dimensions, and their large surface area generates
considerable surface activity. Because of this, nanoparticles become highly active even if
they are made of an inert material. In addition, the biological impact of nanoparticles
depends on their size and structure in the solution environment as well as on their
functionality because a small cluster of metal atoms can have a different chemical
potential than the bulk solid and is more easily dissolved [3]. Another possible
consequence of the large surface to volume ratio of nanoparticles is that during their
transport they release a concentration of adsorbed surface species which itself may be
toxic. This, coupled with the putative ability of nanopatrticles to cross cell membranes and
enter cells because of their small size [4], will enable them to release dissolved toxic
species into the cell interior. Taking into account the full complexity of a nanoparticle’s
toxicity, an initial step in the study of their biological activity can involve an investigation
into the interaction of the particles with and/or permeation into the cell membrane as the
primary interface of a biological organism with the surrounding environment.

A study of the interaction of nanoparticles with cell membranes can be carried out on cell
cultures or microorganisms but in these systems, there are more variables that can lead to
a more elaborate analysis of the mechanisms involved. Another strategy in carrying out
nanoparticle/cell membrane interaction studies is with model membrane systems based on
the phospholipid bilayer backbone of the cell membrane such as liposomes. In fact a
membrane model is used in the present study and is more manipulable than living cells in
facilitating a rapid and controlled study of nanoparticle interaction with the phospholipid
assemblies. In this article, the nanoparticle/biomembrane interaction was studied using a
phospholipid monolayer on a mercury (Hg) film electrode. This is a powerful membrane
model [5] that has been developed for on-line high-throughput application [6] and is
custom designed for investigating phospholipid layer interactions. The system of
phospholipids (usually dioleoyl phsphatidylcholine,DOPC) on a Hg electrode is an
established biomembrane model used by leading workers in the field [7-10]. This model
has shown similar results with peptide—phospholipid [11] and cholesterol-phospholipid
[12,13] interactions to those obtained using the classical biomembrane models of free-
standing bilayers and vesicles. Moreover, the monomolecular gramicidin channel in the
monolayer on Hg [14,15] was shown to function in a very similar way to the bimolecular
gramicidin channel in phospholipid bilayers. The indications are therefore that Hg has a
minimal effect on the fluidity of the phospholipids, and hence the lipid layer's properties are
very similar to those of the outer leaflet of free-standing bilayers and vesicles. The main
difference in this system with respect to the phospholipid structure in a biological
membrane is that the phospholipids form a monolayer on the Hg surface in the absence of
an electric field whereas the phospholipid assembly in a biological membrane is always a
bilayer. However, any biological membrane activity is initiated from the interaction at the
phospholipid/water interface, which is the same in both a phospholipid monolayer and a
bilayer system. The studied model draws its unique properties from the atomically smooth
nature of the Hg surface, which has a minimal influence on the phospholipid layer's
properties compared to phospholipid layers on solid electrodes, which have a significant
effect on the layer’s properties.
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Two earlier studies have investigated the activity of polymeric [16] and SiO, [17]
nanoparticles towards the phospholipid monolayer on Hg system. The activity of SiO,
nanoparticles on the monolayer as an example of inorganic nanoparticles is inversely
related to their particle size and the data could be explained as related to the effectiveness
of the SiO, packing enabling maximum contact between the SiO; particle and phospholipid
surface to be obtained. This reported study extends the investigation to ZnO
nanoparticles which possess interesting properties enabling studies of their activity to lipid
layers particularly challenging. In contrast to SiO, which is amorphous, ZnO is crystalline
and polar [18]. ZnO shows a tendency to dissolve in aqueous dispersion and release free
Zn?*ion [19]. Finally ZnO nanoparticles have a strong tendency to aggregate [20,21].

Zn0O is a semiconductor material which has many applications in industry. This has led to
ZnO nanomaterials being used in the production of sunscreens [22], solar cells [23-25],
electroluminescent devices [26], electrochromic windows [27], chemical sensors [28—30]
and for functional coating formulations to protect wood, plastics and textiles from UV and
microbial degradation [31, 32]. This increased use of ZnO nanoparticles results in
increased perceived health and environmental risks. The small size of nanoparticles leads
to both greater mobility and higher activity to biological membranes [33], which includes
stronger binding to [34], and permeability within [35] the biological membrane. The
biological activity of ZnO nanoparticles has been confirmed by a number of research
articles [36,37]. At present an understanding of the factors in the toxicity of ZnO
nanoparticles is rather ambiguous. It is not clear whether the toxicity of the ZnO arises
from the Zn?* which is released from ZnO [36] and known to be toxic and/or from the
Zn0 particle itself. A study into the affinity of ZnO particles for representative biological
molecules would help explain whether the ZnO particle is directly implicated in any toxic
event. To attempt to answer this, the current paper reports a study on the influence of
ZnO nanoparticles on the phospholipid (DOPC) monolayer coated Hg film electrode. The
ability of the nanoparticles to adsorb on and penetrate the phospholipid monolayer was
studied and the effect of the size and functionality of the nanoparticles on the interaction
was investigated. The DOPC monolayers are interrogated electrochemically using rapid
cyclic voltammetry (RCV) comprised of a fast negative or cathodic going voltage ramp
followed by a fast positive or anodic going voltage ramp both traversing a voltage
excursion. The recorded current is directly proportional to the capacitance of the layers.
Interaction of the nanoparticles with the layers is shown by a depression in two
consecutive current peaks which are representative of two consecutive negative potential
induced phospholipid phase transitions respectively[16,17]. Penetration of the DOPC
layers by the nanoparticles gives rise to an increase in the capacitance current value of
the monolayer [16].

2. Experimental

2.1. Materials

All ZnO nanoparticle concentrations are expressed as weight per volume except where
stated. The ZnO nanoparticles used are displayed in Table 1. 1,2-Dioleoyl-sn-glycero-3-

phosphocholine (DOPC) was obtained from Avanti Polar Lipids (Alabaster, US) and was of
>99% purity. All other reagents were of analytical grade and purchased from SigmaAldrich.

Table 1. ZnO nanoparticle (NP) characteristics
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ZnO brand metals basis| NanoShield| NanoTek | Nanosun | in-house
Source Alfa Aesar | Alfa Aesar | Alfar Aesar | Micronisers | synthesised
Available form powder | dispersion | dispersion | powder | dispersion
NP 1° diam, nm (TEM) 45430 70 +43 55+ 30 25+1.1 6.2+0.3
NP, aqueous dispersion >2000 331 +87 80+17 86.719.2 | 22.8%#1.3
diam, nm (DLS)

2.2. Methods
2.2.1. Electrochemical flow system setup

The flow system has been described previously [17] and consisted of: (i) a peristaltic pump
(Cole-Parmer instrument co. Cat N. 7554-20), (ii) two universal valve switching modules
(Anachem Ltd.), (i) a 10 dm?® electrolyte reservoir, (iv) 25 cm® sample cell, (v) two
magnetic stirrers for stirring of solution in electrolyte reservoir and sample cell, and (vi) a
flow cell. All parts were connected to each other by teflon and silicon tubing. The flow cell
was made from plexiglass with silicon rubber sealing. A REF201 Red Rod Ag/AgCl 3.0 mol
dm™ KCI reference electrode (VWR international Ltd.) was fitted into the cell and all
potentials in this paper unless otherwise stated are quoted versus the potential of this
electrode. Silicon wafer-based microfabricated Pt electrodes (Tyndall National Institute,
Ireland) were inserted into the flow cell. These electrodes consisted of eight Pt discs with
diameter of 1 mm and two Pt rectangles of 8.3 mm long and 1.8 mm wide embedded on a
28 by 28 mm? diced silicon wafer substrate possessing a surface of 0.2 um dry silicon
oxide. Each Pt area was connected to respective contact pads by a 0.5 mm thick Pt trace
interconnect which was insulated with approximately 1.5 mm of SizN4 deposited by plasma
enhanced chemical vapour deposition (PECVD). The microfabricated Pt electrode was
connected to an Autolab potentiostat, PGSTAT 30 (Ecochemie, Utrecht, Netherlands)
interfaced to a Powerlab 4/30 signal generator (AD Instruments Ltd.) controlled by
Scope™ software. The volume of the flow cell was 0.15 cm®. The flow system was used in
four different settings depending on the positions of valves, these were as follows:

1. Electrolyte was drawn from an electrolyte reservoir and discharged to waste after
passing through flow cell;

2. Electrolyte was drawn from electrolyte reservoir and filled the sample cell;

3. Electrolyte was drawn from sample cell and discharged to waste after passing through
flow cell;

4. Electrolyte was drawn from sample cell, passed through flow cell and re-entered into the
sample cell by cycling. All solutions were constantly purged with argon (Air Products)
during all electrochemical experiments.

A schematic of the flow system is depicted in Fig 1 which allowed for DOPC deposition
and removal and RCV measurements to be carried out with electrolyte from the
electrolyte cell and exposure of DOPC to the sample from sample cell by a simple
switching of valves. This method of flow control enables only adsorbed species (not
dissolved or dispersed species) to be measured by RCV on the DOPC coated and
uncoated Hg.
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2.2.2. Electrode pretreatment Electrolyte Posi ~ Fos2 R STonIE
and RCV reservoir %ﬁ
Electrodeposition of Hg on to Pt

disc electrodes was performed I
in the flow cell [17]. The working VM
electrodes were cleaned prior to |
electrodeposition in a hot e
solution of HxSO4 (Fisher 1 ' 4
Scientific) and 30% H>0.
(Fluka) mixture in a ratio of
approximately 3:1, respectively
and rinsed with Milli-Q 18.2MQ
(Millipore UK) water before
drying under nitrogen (Nz). The Waste
reduction of Hg?* to Hg on the

Pt disc was performed at -0.4 V

and monitored by means of Figure 1. Schematic view of flow SyStem.
chronocoulometry with a cut-off

value for the charge (Q) flowed of 1 C per electrode under constant flow rate 5 cm® min™
of 50 mmol dm™ Hg(NOs), solution circulating through the flow cell. Once the designated
amount of charge had passed, the circuit was opened and the electrode was washed by
constant flow of 5 cm® min™ of MilliQ 18.2MQ (Millipore UK) water for 30 min. The Pt
electrodes with electrodeposited Hg are subsequently referred to as Pt/Hg electrodes
throughout the text. Rapid cyclic voltammetry (RCV) was carried out in 0.1 mol dm™ KClI
(previously calcined at 600°C) solution at pH 6.8-7.2. The KCI solution in the electrolyte
reservoir was de-aerated by purging with argon (Air Products) for 60 min before use. 20
cm?® of this electrolyte was drawn into the sample cell prior to each experiment and de-
aerated by purging with argon (Air Products) for 5 min. The electrochemical cell and
screened cables were contained in a Faraday cage. The electrodes were connected to the
Autolab potentiostat as described above. The RCV voltage excursion was from -0.4 V to
potentials between -1.125 and -3.0 V depending on the application at a scan rate of 40 V
s. Scans were repeated continuously or with an interval of 1 s between each scan.

=

Automatic
valve 1

Peristaltic
pump

Flow cell

Potentiostat

A
Y

Automatic
valve 2

Pos1 Pos2

2.2.3. Synthesis of in-house ZnO nanoparticles.

ZnO nanoparticles were chemically synthesised from LIOH and Zn(Ac). in non-aqueous
conditions according to procedure [38]. 1 dm® of 0.14 mol dm™ LiOH ethanol solution was
added to 1 dm?® of finely ground 0.1 mol dm™ anhydrous Zn(Ac). ethanol dispersion at
4°C. Stirring for 5 min resulted in the formation of a transparent solution. The reaction
mixture was incubated at 4 °C for 3 days. Following this, the resultant ZnO nanoparticle
dispersion was tested by Dynamic Light Scattering (DLS) and mixed with pentane in ratio
1:10 leading to precipitation of the ZnO nanoparticles which were then washed with
pentane and stored as a 100 g dm™ZnO in pentane dispersion. Prior to use the dispersion
was mixed with absolute ethanol in ratio 1:5. Excess of pentane and some ethanol was
dried out by stream of nitrogen. The ZnO in ethanol dispersion was diluted by ethanol to
concentration of 40 g dm™. Freshly made ZnO ethanol dispersion was diluted with Milli-Q
18.2MQ (Millipore UK) water in ratio 1:10 and the resultant dispersion was stable for 1
hour before aggregation was evident. This dispersion was used for RCV experiments by
addition to the electrolyte solution.
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2.2.4. Electrochemical characterisation of interactions.

The flow system was set up with valves 1 and 2 at position 1 (see Fig 1) and the flow rate
was set to 10 cm® min”". RCV was initiated continuously at a voltage excursion from -0.4
to -3.0 V. 100-200 pL of DOPC in MillQ water dispersion (0.2 mg cm™) was injected into
the flow cell and after 1-2 seconds when the characteristic voltammetric peaks of DOPC
appeared, RCV was terminated. In case of bare mercury studies, the DOPC suspension
was not added into the cell and the electrode remained clean. RCV was then initiated
again with a voltage excursion from -0.4 to -1.625 V to test the quality of the DOPC
monolayer as indicated by a maximum height of the voltammetric peaks. If the quality of
the DOPC monolayer was found not to be acceptable as shown by depressed
voltammetric peaks then the procedure for coating was repeated. The control monitoring
RCV scan was initiated with a voltage excursion from -0.4 to -1.125 V at 40 V s and
saved for future analysis as an initial curve. Following successful DOPC deposition, the
flow rate was set to 10 cm® min™. Valve 2 was switched from position 1 to position 2 until
the electrolyte filled the sample cell to 20 cm® and then the valve 2 was switched to
position 1 again. An aliquot of ZnO nanoparticle dispersion was injected into the sample
cell to the required concentration using a glass syringe. In case of nanoparticle dispersion
tests with added phosphate buffer or fulvic acid, the sample cell was filled separately with
solutions containing 0.1 mol dm™ KCI with 0.01 mol dm™ of potassium phosphate buffer
(pH 7.4) or 5 mg dm™ of fulvic acid respectively. Valve 1 was then immediately switched to
position 2. After 30 seconds, valve 2 was switched to position 2 and measurements
continued for 5-20 min depending on interaction rate. The RCV was adjusted to a voltage
excursion from -0.4 to -1.125 V at 40 V s™' at a scan repetition rate of 1 scan s during the
entire  ZnO dispersion exposure time. At the end of the exposure, the valves were
switched to position 1 in order to remove all ZnO nanoparticles and dissolved Zn (ll) and
the measurement RCV scan was collected and saved for future analysis as a final plot.
Subsequently the sample cell was emptied and the system was washed by sequential
switching of valves between positions 1 and 2. The Pt/Hg electrode was electrochemically
cleaned in situ by repetitively cycling its potential from —0.4 to -3 V at 80 V s with an
electrolyte flow rate of 10 cm® min™ and the valves set to position 1 for 30-60 s until the
current peaks relating to absorbed material on the Hg surface disappeared. This cleaning
procedure has been previously described in detail [6].

2.2.5. Dynamic light scattering (DLS) study of ZnO nanoparticle dispersions

25 uL of a 40 g dm™ dispersion of ZnO nanoparticles was added to 1 cm® of Milli-Q
18.2MQ (Millipore UK) water, sonicated in a Branson 1200 ultrasonic bath sonicator for 1
min and the size of the nanoparticle aggregates was measured by DLS on a nanoZS
zetasizer (Malvern Instruments Ltd).

2.2.6. Stability of ZnO nanoparticle dispersions

The degree of aggregation of all ZnO nanoparticles in different solutions was studied in
independent experiments by DLS. ZnO nanopatrticle dispersions were tested for stability in
0.1 mol dm™ KCI solution. In a typical experiment 10 uL of a 40 g dm™ dispersion of ZnO
nanoparticles was added to 1 cm? of Milli-Q 18.2MQ (Millipore UK) water, sonicated in a
Branson 1200 ultrasonic bath sonicator for 1 min and the size of the nanoparticle
aggregates was measured by DLS on a nanoZS zetasizer (Malvern Instruments Ltd). 33.3
uL of 3 mol dm™® KCI solution was then added to the nanoparticle dispersion to give
approximately 0.1 mol dm™ KCI solution, shaken and measured using DLS every 10 s.

7
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2.2.7. Transmission Electron Microscopy (TEM)

The ZnO nanoparticle dispersion was diluted down to about 0.12 % concentration and
drop caste on to holey carbon coated copper TEM grid (Agar Scientific). After the sample
was dried it was examined in a Philips CM200 FEGTEM Field emission gun TEM/STEM

with Supertwin Objective lens.

3. Results and discussion

In the results from the experiments with commercially sourced ZnO nanoparticle
preparations, it is observed that only the NanoTek and NanoShield dispersions effect an
interaction with the DOPC coated Pt/Hg. These interactions, which are similar to those of
SiO. nanoparticles with DOPC [17], are manifest as a significant depression of the

capacitance current peaks on the RCV. Fig 2(a)
summarises the results as a percentage
depression of one of the capacitance current
peaks at potential ~ -0.95V. DLS data (Fig 2(b))
indicates that the particle size of the
dispersions inversely correlates with the extent
of interaction of these dispersions with the
DOPC coated Hg. The metals basis ZnO which
is highly aggregated with particle size >1mm
exhibits no significant interaction whereas the
NanoTek dispersion with particle diameter of
~100 nm shows the strongest interaction. It is
well documented [20,21] that pure ZnO
nanoparticles are unstable in dispersion and
show a strong tendency to aggregate as
indicated by the behaviour of the metals basis
sample. However the NanoShield and NanoTek
dispersions are stabilised through the addition
of a non-ionic dispersant by the supplier at
source. The inverse relation between particle
size and the extent of interaction of particle with
DOPC layer has been noted previously for SiO»
nanoparticles [17]. It remains uncertain however
whether the effects of NanoShield and NanoTek
ZnO on the DOPC layer are due to the
dispersant in the ZnO sample or the
nanoparticle itself or both. Because of this,
further experiments were carried out with ZnO
dispersions with no added dispersant obtained
from:- (i) a supplier where the particle was
sourced as a powder and the preparation had
been well described (Nanosun) and, (i) in-
house synthesis. Fig 3(a) is a TEM image of the
dry  Nanosun particles where minimal
aggregation is apparent and the primary particle
diameter is ~ 25 nm. The DLS examination
Fig 3(b) of Nanosun particles in 0.1 mol dm™
KCl shows that initially some aggregation of
these particles occurs to give aggregates of
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Figure 2. (a) % peak current decrease
(relative to control prior to nanoparticle
dispersion exposure) on cathodic arm of
RCV (-0.4 to -1.125 V at scan rate 40 Vs™)
in flow cell after 10 min interaction of
DOPC coated MFE with the following
named 0.1% ZnO nanoparticle dispersions
in 0.1 mol dm™® KCI: without nanoparticle
dispersion (white column); NanoShield
(red column); metals basis (black column)
and NanoTek (blue column). (b) DLS
number particle size distribution of 0.1%:
metals basis (black line), NanoShield (red
line) and NanoTek ZnO (blue line) in
MilliQ water.
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Figure 3. (a) TEM image of Nanosun nanoparticles (NP). (b) Volume particle size
distribution of Nanosun (top) and in-house (bottom) ZnO NP in 0.1 mol dm™ KClI at times
0 s (black line), 20 s (blue line), and 120 s (red line). (c) TEM image of in-house ZnO NP.
(d) XRD spectra of Nanosun (top, black), in-house (bottom, black) ZnO. ZnO (hexagonal
wurtzite crystal structure) (red bars), Zn(Ac). (blue bars) and Zn(OH). (cyan bar).

diameters between 100 and 1000 nm. This aggregation continues till at 3 minutes the
secondary particle diameter is between 1 and 10 um. A TEM image of in-house
synthesised ZnO nanoparticles dried from MilliQ water dispersion is displayed in Fig 3(c).
The primary particle size is ~6 nm. The DLS plot of an in-house synthesised ZnO
dispersion in 0.1 mol dm™ KCl at 0, 20 s and 120 s respectively is displayed in Fig 3(b). At
0 s the mean diameter is about 20 nm but this increases to diameters between 1 and 10
um after 120 s. Fig 3(d) shows the XRD spectrum for Nanosun and in-house synthesised
ZnO which is characteristic of pure ZnO (also shown) and is quite distinct from Zn(OH),
and Zn(Ac).. The broad peaks associated with in-house synthesised ZnO are related to its
smaller primary particle size. The full width at half maximum peak intensity, peak position
and wavelength of the XRD peaks can be used for calculation of crystallite particle size.
Using the Scherrer equation [39] we calculated 6.2 nm crystallite size for in-house
synthesised  ZnO nanoparticles and 30 nm crystalline size for Nanosun ZnO
nanoparticles.

Exposure of the DOPC layers to a 0.4% dispersion of ZnO Nanosun nanopatrticles elicited
a significant change in the RCV curve (Fig 4(a)). This was manifest as a decrease in
height of capacitance current peaks and an increase in the capacitance current as a

9



O©CoO~NOOOUOTA,WNPE

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

function of negative potential from potential -0.7 V. It is very significant that after
incubating the ZnO dispersion in 0.1 mol dm™ KCI for 30 minutes which promotes the
particle aggregation as shown in Fig 3(b), the interaction with the DOPC as seen from the
effect on the RCV plot is much decreased (Fig 4(b)). A similar decrease in the effect of the
Zn0O dispersion on the RCV plot is observed when the experiment is carried out with a
ZnO dispersion prepared in 0.1 mol dm™® KCI with added 0.01 mol dm™ of potassium
phosphate buffer (pH 7.4) (Fig 4(c)) or added 5 mg dm™ fulvic acid (Fig 4(d))
respectively. The phosphate in the buffer reacts with Zn®** released by ZnO to form
Zn3(POy).. This coats the particles and suppresses interaction with the phospholipids.
Similarly, fulvic acid is surface active and coats the particles decreasing the particle’s
activity towards the DOPC layers. Fulvic acid as a component of natural organic material is
known to adsorb on ZnO nanoparticles [21] and indeed metal oxides in general [40].
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Figure 4. (a) and (b) RCV of DOPC coated MFE following exposure to Nanosun ZnO:
(a) freshly dispersed, and (b) aged for 30 minutes, in 0.1 mol dm™ KCI. (c) and (d) RCV
of DOPC coated MFE following exposure to Nanosun ZnO dispersion in 0.1 mol dm™
KCI (c) with 0.01 mol dm™ of phosphate buffer (pH 7.4) and (d) with added 5 mg dm™
fulvic acid. In all graphs RCV (scan rate 40 Vs™) carried out before (black line) exposure
to 0.4% ZnO dispersion and after (red line) exposure to 10 min of flow of 0.4% ZnO
dispersion.

Experiments carried out with the Nanosun and in-house synthesised ZnO dispersion in 0.1
mol dm™ KCI at an uncoated Hg electrode and with ZnCl, on a DOPC uncoated and
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coated electrode are displayed in Fig 5. The interaction of freshly dispersed (Fig 5(a))
and aggregated (Fig 5(b)) Nanosun ZnO with uncoated Hg leads to an increase in the
capacitance current on the RCV plot as a function of negative potential from potential -
0.6 V. This current is decreased by about 20-30% following aggregation of the ZnO
particles (Fig 5(b)). The interaction of freshly dispersed and aggregated in-house
synthesised ZnO with Hg (see Figs 5(a) and (b)) is similar albeit with a differing current-
voltage profile. Indeed a slight increase in capacitance current is seen following
aggregation. These results can be interpreted in the following way. ZnO particles adsorb
on uncoated Hg and contribute to the capacitance current. The capacitance current can be
related to a charging of adsorbed semi-conductor ZnO particles through the injection of
electrons therein [41]. The increase in capacitance current takes place at potentials more
positive than those associated with reversible soluble Zn?* reduction on Hg (~ -1.0 V [42]).
The voltammetric results of ZnO particles on uncoated Hg indicate that the capacitance
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Figure 5. (a), (b), RCV ( scan rate 40 Vs™) of uncoated MFE in 0.1 mol dm™® KCI
before (black line) and after (red and blue lines) exposure to 0.4 % Nanosun ZnO (red
line) and 0.4% in-house synthesised ZnO (blue line) (a) freshly dispersed and (b) aged
for 30 mins in 0.1 mol dm™ KClI, (c) and (d) RCV of DOPC (c) uncoated, and (d) coated
MFE in 0.1 mol dm™ KCI before (black line) and after (red line) exposure to 0.01 mol
dm™ ZnCl; .
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current increase which is observed following interaction of Nanosun ZnO with DOPC
coated Hg (see Fig 4(a)) shows that ZnO nanoparticles have penetrated the monolayer
allowing electron transfer from the Hg to the semi-conductor ZnO particles within the
DOPC layer. It is significant that the current-voltage profile is not directly identical to that
of the uncoated Hg electrode in presence of Nanosun ZnO. This shows that the electron
transfer is sensitive to the environment of the nanoparticles. Such an effect would be
expected from properties of semiconductor nanoparticles where surface effects dominate
the electron transfer characteristics [43]. Interestingly the difference between the current-
voltage traces for the unaggregated (Fig 5(a)) particles and aggregated (Figs 5(b))
particles on uncoated Hg is one of current magnitude. On the other hand the current is
marginally shifted to negative potentials in the RCVs of the in-house ZnO nanoparticles of
smaller primary size. The origin of these differences are not as yet understood although it
has been shown that the electron transfer to semi-conductor CdTe particles depends on
the CdTe particle size [44-6] and nanoparticle size in general [47]. It was predicted that
the electron transfer to smaller particles is shifted to more extreme potentials. The
reason for this is that the top of the particle valence band is shifted towards lower
energies and the bottom of the conduction band is shifted to higher energies with
decreasing particle size. A similar process could account for the differing current-voltage
traces for the two groups of particle dispersions of different primary particle diameter
respectively

Fig 5(c) displays the effect of 0.01 mol dm™ ZnCl, solution on the current-voltage curve
of Hg electrode. A small decrease in current is observed with a small increase in current
at potentials more negative than -1.0 V. The small decrease in current could be related to
the adsorption of Zn(ll) species from the 0.01 mol dm™ ZnCl, on the Hg electrode and
the small increase of current at negative potentials is associated with the reduction of
these adsorbed Zn(ll) species. The effect of exposing the DOPC coated electrode to
0.01 mol dm™ ZnCl, on the current-voltage curve is small with a slight capacitance
current peak depression (Fig 5(d)). Conclusions from these results are that exposure of
uncoated and DOPC coated Hg to soluble ZnCl, has little effect on the capacitance-
voltage curves. This shows that the response of the uncoated and DOPC coated
electrode to ZnO nanoparticle dispersions is mediated primarily through particle interaction
and not through soluble Zn?* interaction associated with the particle dispersion.

In Figs 6(a), (b) and (c) the influence of the 0.4% in-house ZnO dispersions on the DOPC
coated Hg electrode is displayed. The effect of the freshly prepared in-house synthesised
ZnO with DOPC at t=0 s is to totally suppress the capacitance current peaks. A similar
response of the DOPC coated Hg to the 30 minute 0.1 mol dm™ KCI incubated ZnO
nanoparticle dispersion is observed (Fig 6(b)). After 9 hours incubation of the ZnO in 0.1
mol dm™ KClI the activity of the ZnO nanoparticle dispersion towards the DOPC coated Hg
is considerably decreased (Fig 6(c)). In the interaction of the in-house synthesised ZnO
nanoparticles with the DOPC coated electrode no increase in the baseline capacitance
current is seen in contrast to the response of the coated electrode to the Nanosun
particles. The results in Fig 6 show therefore that the ZnO with smaller primary particle
size is very much more active towards the DOPC than the larger Nanosun particles.

The effect of both Nanosun (Figs 4(a),((b)) and in-house particles (Figs 6(a),(b),(c)) on the
DOPC coated electrode can be compared with the results of the effect of the same
particles on uncoated Hg (Figs 5 (a), (b), (c) and (d)). It can be seen quite clearly that
current-voltage traces from the RCV of the coated electrode are recording the influence
of the primary particle size and the aggregation state of the ZnO particles only on the
ZnO-DOPC interaction. Interestingly both the Nanosun and in-house synthesised ZnO are
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aggregated to similar extents after 120 s
incubation in 0.1 mol dm™ KClI (see Fig 3(b))
yet even after 30 minutes incubation, the in-
house  synthesised ZnO shows greater
activity towards the DOPC coated Hg than
that of the Nanosun particles. It can only be
concluded therefore that the interaction of
ZnO nanoparticles with DOPC depends to
some extent on the primary particle size
although after nine hours incubation in 0.1
mol dm™® KCI, interaction of in-house
synthesised ZnO nanoparticles with DOPC is
decreased. Of most interest is that the in-
house ZnO does not effect an increase in the
capacitance current at potentials more
positive than those characterising the current
peaks. This indicates that these particles do
not penetrate the DOPC monolayer
irrespective of their aggregation state. The
release of Zn?* by Nanosun and in-house
synthesised ZnO particles has been studied
in a previous paper. It has been shown that
the extent of Zn?* release is dependent on
the ZnO primary particle size [19,48]. This is
commensurate with the classical predictions
from the Kelvin equation relating solubility to
the curvature of the particle. The fact that
the solubility was unaffected by the
aggregation state shows that the aggregates
are a relatively loose conglomerations of
particles. This has been borne out by the
present study where the interaction of the
ZnO particles with  DOPC monolayers
appears to be partially dependent on their
primary size. The strong tendency of ZnO
particles to aggregate has been related to
their solubility [49] in that the soluble Zn (ll)
species adsorb on the ZnO particles and
screen the surface potential leading to the
attractive van der Waals forces betwwen
particles to predominate. In this way the
smaller ZnO particles show a stronger
tendency in water to aggregate. The lack of
penetration of the smaller ZnO particles into
the DOPC could be related to their smaller
physical size and stronger interaction with
the polar heads of the DOPC.

13

(a)

-1/ pA
= N W A
o O O O O

‘&

0.4 0.6 0.8 1.0 1.2
-E/V

50 —
40 |
30 (b)

Z10¢f
F ol
-10 L
-20 L
-30

-1/ pA
X}
°

0.4 0.6 0.8 1.0 1.2
-E/V

(c)

F10}

- A
W N = NoW oS
© oo o S © o

0.4 0.6 0.8 1.0 1.2
-E/V

Figure 6. RCV (scan rate 40Vs™') of DOPC
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ZnO in 0.1 mol dm™® KCI (a) freshly
dispersed (b) aged for 30 mins and, (c)
aged for 9 hours.



O©CoO~NOOOUOTA,WNPE

OO UIUIUIUTUNU UV UVIUIUANRNDNDNRANARARNRNARNWWWWWWWWWWRNNNNNNNNNNRPRPREPRRRRRPR
ORWONPRPOOONOTNROMNROOONOURWMNRPOOONOTIRNWOMNROOO~NOUIRWNROOONOURNWNRO

Conclusions

1.The order of interaction of common commercially sourced ZnO nanoparticles with
DOPC coated Hg electrodes was NanoTek > NanoShield > metals basis. This extent
of interaction was inversely related to the ZnO particle size where the metals basis
nanoparticles were strongly aggregated. The contribution of the non-ionic dispersant to
the NanoTek and NanoShield -DOPC interaction is uncertain.

2.Freshly prepared aqueous Nanosun ZnO nanoparticle (~25 nm) dispersions interacted
with and penetrated DOPC coated Hg electrodes. (i) Aggregation of the nanopatrticles,
(i) coating of the ZnO with phosphate and, (iii) coating of the ZnO with fulvic acid
minimised ZnO-DOPC interaction.

3. In-house synthesised ZnO nanoparticles of lower primary particle size (~6 nm) than
Nanosun ZnO nanoparticles interacted strongly with DOPC coated Hg electrodes with
no evidence of penetration of the DOPC monolayer. Even after considerable
aggregation of the particle to between 1 and 10 mm a strong interaction of the ZnO
with DOPC was observed.

4.Both Nanosun and in-house synthesised ZnO nanoparticles adsorb on uncoated Hg
electrodes. Voltammetry showed an electron transfer to the semi-conductor ZnO
particles, the extent of which was dependent on magnitude of applied negative
potential.

5.Although a phospholipid monolayer has been used in this study, more biologically
relevant biological studies may be carried out with bilayers. However the interaction of
the ZnO particles with the DOPC takes place at the DOPC/solution interface which is
identical for a bilayer and monolayer. In addition other studies have shown that the
interactions of SiO, particles with a monolayer and bilayer and the energetics thereof
are identical [17,50]. Stable bilayers of DOPC can now be prepared on the fabricated
Pt/Hg electrode (A.V. Vakurov in preparation) and these systems will be used to study
particle-phospholipid interactions in future studies.
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