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Abstract:

The ability to perform efficient and affordable lfledetection and quantification of nanoparticlesabuatic
environmental systems remains a significant teciréballenge. Recently we reported a proof of cphaod
using “sticky” electrodes for the detection of silvnanoparticles [1]. Now disposable electrode for detection
and quantification of commercial Ag nanoparticlesiatural seawater is presented. A disposable rsqnéxted
electrode is modified with cysteine and characteridy sticking and stripping experiments, with eilv
nanoparticle immobilisation on the electrode swefand subsequent oxidative stripping, yielding angative
determination of the amount of Ag nanoparticlesesiity to the electrode surface. The modified etetdrwas
applied to natural seawater to mimic field-basedrenmental monitoring of Ag NPs present in seawatée
results demonstrated that commercial Ag NPs inrabgeawater can be immobilised, enriched and diexht
within short time period using the disposable etels without any need for elaborate experiments.

Keywords: Silver nanoparticle, disposable electr ode, nanoparticle detection and quantification

| ntroduction

Silver nanoparticle based commercial products aedlable in the market from clothing to

mobile phones and refrigerators, and also as abamterial product, they are widely used in
health industry, for example in toothpaste and weedinstruments. Concerns have been
raised regarding possible toxic outcomes for batmdins and environmental systems [2],
particularly resulting from their massive inevitablelease into the environment [3]. The
ability to assess the quantities of commercialesitvanoparticles and also the impact of their
release into the environment requires an efficard affordable technique for nanoparticle
detection and quantification. However, both theexkly low concentration of nanoparticles

present in aquatic environments and the complexixnatesented by environmental waters



A disposable sticky electrode for the detectioeahmercial silver NPs in seawater

make the reliable detection and quantification ehaparticles in aquatic environmental
systems a significant challenge [4].

Electrochemical methods, as a alternative methagbtizal methods generally requiring high
cost and complex optics, provides a more efficeemd cost-effective approach for detection
of nanoparticles (NPs) [5-11]. Toward this goaly guoup has developed a novel nano-
impact method based on the detection of NPs up&indbllision with the imposed electrode.
This method has been successfully applied for deteng the size [5], concentration [6],
molecular tag [7] and aggregation [8] of silver oparticles, including in real environmental
media [9]. However, a limitation of this methodst it requires the collection, transport and
then analysis of samples in separate media which compromise the concentration and

original aggregation state of the NPs.

Most recently, we have proposed a novel detectpraach towards Ag NPs by using a
modified glass carbon electrode which involves imsimg such a “sticky” electrode into the
medium of interest for a certain period allowinghoparticles to impact and adsorb on the
electrode and analysing the amount of NPs immeilisn the electrode surface e.g. by
anodic stripping voltammetry [1]. A cost-efficiertisposable, reliable method for future in-
field sensing devices is of great desire. Followting proof of concept of using this “sticky”
electrode method, here we report the use of a slidpe sticky electrode for the detection of
commercial silver NPs in seawater. In this repartlisposable screen printed disposable
electrode is modified and characterised by consggstecking and stripping experiments.
The disposable electrode is “dropped” into envirental seawater containing silver NPs for
a short period of time without any further treattand silver NPs in seawater immobilised
to the electrode were detected and quantifiedahtmme. This is the first time commercially
available nanopatrticles suspended (to mimic “r&l®as environmental seawater have been
detected and quantified using a cost-efficient aésple electrode. We believe this simple
and efficient approach opens up a new door to lost;aeal-time field detection of silver
NPs in natural aquatic environments, which has ifsoggmt commercial and applied

environmental research implications.
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Experimental
2.1 Silver Nanoparticles

Commercial colloidal silver nanoparticles (Higherathre) were purchased from
OneClickPharmacy (oneclickpharmacy.com). The prothlie| states that the spray contains
high stability active colloidal silver with a smatlarticle size (0.0006 to 0.005 microns) at 10
parts per million. Sodium perchlorate and sodiurtorithe were acquired from Aldrich and
all solutions were made up using ultrapure wateresfstivity ~18.2MQ cm (Millipore) at
25°C.

In-house silver nanoparticles are synthesised loyngdrisodium citrate (BDH Laboratory)
into boiling silver nitrate, where citrate acted lash the reducing and capping agent, as
described in [12]. According to [12], the synthesis\anoparticles were found to be spherical
in shape and the size was determined to be abonot2ih diameter. By relating the size to
the overall concentration of Ag (1 mM), the concatibn of Ag NPs in the stock suspension
was calculated to be about 1.73X1@0l/L.

2.2 Seawater Sampling

Seawater samples were collected from Saanich lafetanoxic fjord in British Columbia,
Canada. Samples were collected by fixing 5 L Nidsattles (General Oceanics, Miami, FL
USA) to a stainless steel hydrowire and then trigpthe bottles with Teflon coated
messengers. Once seawater samples had been abllsotg the Niskin bottles, they were
directly transferred into 250 mL low density polygiene bottles that were trace metal clean

and stored at°€ for later use in the laboratory.
2.3 Electrochemical experiments

All electrochemical experiments were performedoaim temperature in a conventional three
electrode setup using an Autolab Il potentiostaetfighm-Autolab BV, Netherlands). Silver

screen printed electrodes were manufactured byderspS. L. (Llanera, Spain) and obtained
from Metrohm Autolab (Runcorn, Cheshire, UK). Themnsist of a 4.0 mm diameter carbon

working electrode, a silver pseudo reference ealdetrand a carbon counter electrode
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(Figure 1). The electrochemical experiments areregiced to the integrated silver pseudo
reference electrode throughout this work unlesedtatherwise.

Counter
Working  Electrode o
Electrode

C.E.

connection Reference

Electrode

W.E.
connection

R.E.
connection

Figure 1 Schematic of Dropsens screen printed electrode

2.4 Modifying screen printed electrodes

The screen printed electrodes was rinsed with etheamd water and dried with a stream of
nitrogen gas. The screen printed carbon workingctieldes were modified by
electrochemically depositing L-cysteine using ayasloltammetry in a solution of 5 mM L-
cysteine (GH,NO,S, Lancaster) in a PBS buffer (pH=7). L-cysteindutson was freshly
prepared immediately prior to use. The experimemts veonducted under a nitrogen
atmosphere after the solution was purged thorouglitly nitrogen gas. Five scans were
performed from 0 to 1.5 V versus the integratedesibseudo reference electrode at a scan
rate of 20 mV/s. After the scans, the electrodesevised with ethanol and water again to
remove physically adsorbed L-cysteine on the serfatie modified electrodes are stored at

room temperature and ready to use.

2.5 Silver nanoparticle sticking

In situ immobilisation and thus enrichment of these nartopes on an electrode was
achieved by nanoparticle sticking experiments termeine the concentration of Ag NPs in a

sample solution. After modifying the electrode, th&een printed electrode pattern was
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immersed in a suspension of either in-house made&oonmercially available AgNPs

suspension for a certain period of time (0-960 naindl the subsequent oxidative stripping
(see “silver nanoparticle stripping”) was employed quantify the amount of adherent
AgNPs. A 0.5 mL AgNPs stock suspension in 15 mLewgin overall silver concentration of
about 33 uM, Ag NPs concentration of 5.3XIfiol/L) was used for sticking experiments of
in-house Ag NPs. In-house Ag NPs suspension wasedilto an overall silver concentration
of about 3.3 uM, Ag NPs concentration of 5.3X1®ol/L. For sticking experiments of

commercial Ag NPs, 6 mL Ag NPs commercial stockpsasion was added to 12 mL
seawater giving an overall silver concentratior8& ppm. Considering that the commercial
Ag NPs were characterised to have a radius of abduim [13], the concentration of the

commercial Ag NP suspension was about 1.3%@6l/L in seawater.

2.6 Silver nanoparticle stripping

Following sticking the screen printed electrode #orcertain period, the electrode was
transferred for stripping to a freshly preparedeamis solution of a 0.1 M NaClQOwhile in

the experiment of mimicking field-based environnamhonitoring of Ag NPs present in
seawater, the electrode was not transferred butired in seawater for the subsequent
stripping. Linear sweep voltammetry (LSV) was paried by scanning the potential linearly
from 0-0.6 V versus an integrated silver pseuderegfce electrode at a scan rate of 20 mV/s.
The potential region was chosen since this regias feund to be suitable for quantitative
oxidation of Ag NPs in 0.1 M NaClJ1] and also in the presence of chloride ions tgbaf

seawater media [13].
2.6 Detection of commercial silver nanoparticle in environmental seawater

In order to demonstrate the applicability of thispdsable “sticky” electrode to real-time
detection and quantification of Ag NPs presentnni®nmental seawater, the detection of
commercial silver nanoparticle was performed iruratseawater. The commercial Ag NPs
stock was suspended in seawater to achieve a &ioatentration of silver colloidal
nanoparticles of 3.3 ppm. The electrode was theopjged” in this Ag NPs containing

seawater for various sticking times between 0 ahané. Following sticking, the electrode
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was subsequently scanned in the exact same sedivategh linear sweep voltammetry as
described above, to determine the amount of Ag &tfPering to the electrode.

3. Results and discussion

3.1 Surface modification by electrochemical deposition of L-cysteine

2.0x10* 4 1st cycle

2nd cycle

3rd cycle
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— 5th cycl

1.5x10% - cvee
< 1.0x10™
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Figure 2 Cyclic voltammograms recorded in PBS buffer (pH=7) containing 5 mM cysteing, initial

potential , 0.0V (vs. silver pseudo reference electrode), scan rate: 20mV/s

Figure 2 shows anodic immobilisation of L-cystemre the screen printed carbon electrode
by cyclic voltammetry. The film was grown on thee@lode by 5 cycles of voltammetric
scans between 0 and 1.5 V. An oxidation peak waergbd at about 0.85 V in the first
anodic scan, and no cathodic peak was observeleoreverse scan within the investigated
potential range. This is expected, as it is knokat the electro-oxidation of L-cysteine is a

chemically irreversible process [14].

The consecutive scans show that anodic peak cudetreased after the first scan. This

observation can be attributed to the passivatioth@felectrode, related to the grafting of L-
6
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cysteine or produced cystine absorbed on the surfafc electrode. Mechanisms of
immobilisation of L-cysteine proposed in the liten@ assumes the oxidation of the amimo
group of cysteine generating cation radicals anoseguent carbon-nitrogen linkages on

some carbon materials such as glassy carbon ededit8].

3.2 Characterising the modified electrode by sticking and stripping synthesised in-house
Ag NPs

To characterise the L-cysteine-modified screentgdircarbon electrode, Ag NPs sticking
experiments were performed by immersing the madlifedectrode in a suspension of
synthesised in-house Ag NPs (53 pM) for variouskstig times, for which the resulting

oxidation curves of stripping by LSV are shown iigufe 3(a). The fact that no oxidative
stripping peaks were observed for sticking timeoe60 min for the unmodified electrode
(data not shown) in the same condition suggests thiea “sticky” performance of the L-

cysteine modified electrode was dramatically imgebdue to the high affinity of L-cysteine

functional groups (such asilfide) for Ag.
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Figure 3 (a) Linear sweep voltammograms showing the oxidative stripping of Ag NPs from cysteine-
modified screen printed carbon electrodein 0.1 M NaClO, after immersion in Ag NP containing water for
various sticking time (min): 30 (black), 45 (red), 60 (blue), 120 (magenta), 180 (olive), 360 (navy) and
violet (960).

Equation y=a+bx
Adj. R-Square 0.99687
60 - Value  Standard Error

A Intercept 0.52931 0.26614
B Slope 0.05601 0.00128

stripping charge Q/10” C

0 " 200 400 600 80 1000
sticking time /min
Figure 3(b) Stripping charge as function of the sticking time after sticking for a cysteine-modified screen

printed carbon electrode. Mean value and standard deviation of each data point were obtained from at
least two repeats.
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Figure 4 Linear sweep voltammograms of the oxidative stripping of Ag NPs from cysteine-modified
screen printed carbon electrodein 0.1 M NaClO,after sticking in water containing Ag NP concentration
of 5.3x10™ mol/L (blue) and 5.3x10*> mol/L (black).

Figure 3(b) shows that a linear increase of thgpmtrg charge versus sticking time was
observed for sticking times of up to 960 min. Tisisnteresting, in comparison to the results
on the glassy carbon electrode where a linearoakttip between sticking time and stripping
charge was observed up to only 240 min [1]. Therowpment of linear range may be
attributed to slowing down the aggregation of AgsNfwus maintaining the Ag NP

concentration by keeping the electrode in pure miateeontrast to the medium of NaCJO

electrolyte, as previously reported [1]. This mé&oandicate that the modified screen printed
electrode may have a large surface coverage ofsteye immobilised on the electrode
where the affinity of the suspended Ag NPs on thetede surface is not reduced over long

electrode exposure times.

By analysis of the linear fit, it was revealed tAgt NP sticking rate (number of Ag NPs per

min sticking to the screen printed carbon electfodeas about 5.7x10 NP/min,
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corresponding to about 5.6x1G per minute of sticking time in a 53 pM suspensidrig
NPs.

The oxidative charge at 360 min, 960 min is abo@tdC, 5.5 pC respectively, if considering
the density and molar mass of Ag, the exchangenefadectron per oxidised Ag atom, the
average radius of a Ag nanoparticle (r = 13.5 nng) the area of the screen printed carbon
electrode (1.26x1'i‘ﬂn2), which equates to a surface coverage of 0.18%0ab8P%6. In this
case, a linear increase between the number of aamndes sticking to the surface with time
is observed when binding sites on the electrodaserare relatively unpopulated, while a
Langmuir type adsorption, and thus a non-lineaeddpnce, can be expected as binding sites

approach saturation.

Figure 4 shows the oxidative peak in a diluted (VB suspension of Ag NPs after 960 min
of sticking time. The oxidative peak is clearly ebsed indicating that a lower Ag NP
concentration of 5.3 pM was still detectable by thedified electrode. The surface coverage
of 5.3 pM Ag NP after 960 min of sticking time ibaut 0.15%, which is approximately four
times less than that in 53 pM Ag NP (0.53%).

3.3 Commercial Ag NPs sticking in environmental seawater samples

Analogous sticking and stripping experiments taedetommercial Ag NPs were carried out
in authentic environmental seawater medium usirg riodified screen printed carbon
electrode. Linear sweep voltammograms resultingnfrarious sticking time in seawater
samples containing commercial Ag NPs and subsedtiepping in 0.1 M NaClQare shown

in Figure 5(a). A linear increase of the oxidatsigpping charge with sticking time between
0 and 100 min was observed (see Figure 4(b)). cmesponding linear fit suggests an
increase of sticking charge of about 1.39'§CL(per min of sticking time, relating to about
3.5x16 NP stick to the electrode surface per min. A sagfeoverage of between 0.06% and

0.23% for various sticking times was found. Thiverage is comparable with those results

10
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from sticking in water, indicating that a lineacrease between the number of nanoparticles

sticking to the surface with time is likely for sineoverage in both cases.

—— 15min, 0.06% surface coverage

2.0x1 076 b —— 30min, 0.08% surface coverage
——45min, 0.10% surface coverage
1.8x1 0—6 i ——90min, 0.19% surface coverage

—— 100min, 0.23% surface coverage
——960min, 0.19% surface coverage

1.6x10°
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1.2x10° 1
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1.0x10° 4
8.0x107
6.0x107 4

4.0x107

2.0x107 A

0.0

T T T T T T T 1
0.0 0.1 0.2 0.3 0.4

E/V vs. Silver

Figure 5(a)

uuuuuu

B sticking time of up to 100 min
20 @ sticking time of 960 min
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0 200 400 600 800 1000
sticking time in seawater {/min

Figure 5 (b)

Figure 5 (a) Linear sweep voltammograms showing the oxidative stripping of Ag NPs from the modified
screen printed carbon electrode in 0.1 M NaClO, after immersion in Ag NP containing sweater for

various sticking time (min): 15 (black), 30 (red), 45 (blue), 90 (magenta), 100 (olive) and violet (960). (b)

11
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Stripping charge as function of the sticking time after sticking for the modified screen printed carbon

electrode. Mean value and standard deviation of each data point wer e obtained from at least two repeats.

On some occasions another anodic peak with low&enpal (at 0.06 V) was observed
suggesting that silver chloride was sometimes farfd8]; with the most likely source of
chloride in this case being the small quantitiemasger remaining (despite rinsing) on the
electrode surface after sticking (also see se@idh An interesting observation taken from
Figure 5a is the lack of an increase in strippihgrge for the extended 960 min sticking time
in seawater when compared with comparable timewater (see Figure 3). A possible
explanation for the non-linear response in seawater longer period of sticking might be
increased Ag NP aggregation rates in higher ioniength solutions [9] lowering the
effective concentration of free Ag NPs available fticking, with another possible
contributing factor likely being degradation of thkectrode due to bacterial growth or other

matrix-related fouling over longer periods of imsien.

3.4 Mimicking field-based environmental monitoring of Ag NPs present in seawater

Considering the complex matrix in natural waterd #me possible fouling of the electrode
after long periods of contact with the media, th#ity of the disposable electrode for
efficiently monitoring of Ag NPs present in seawateith minimal exposure times was

investigated.

To mimic field-based detection, commercial Ag NPerev added to seawater at a
concentration of 3.3 ppm and the modified electrwds immersed. For sticking times 0, 15,
30, 45 and 60 min, linear sweep voltammograms wetployed to quantify the amount of

Ag NPs adhering to the electrode in the seawaigu(€ 6(a)).

12
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Figure 6(a)
Equation y=a+bx
Adj. R-Square 0.98474
Value Standard Error
18
A Intercept 1.5177E-8 1.22248E-4
T B Slope. 0.23093 0.01435
16

stripping charge Q107 C
oo
1
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Figure 6(b)

Figure 6 (a) Linear sweep voltammograms showing the oxidative stripping of Ag NPs from the modified
screen printed carbon electrode in seawater after immersion in Ag NP containing seawater for various
sticking times (min): 0 (black), 15 (green), 30 (magenta), 45 (blue) and 60 (red). (b) Stripping charge as
function of the sticking time in seawater for the modified screen printed carbon electrode. M ean value
and standard deviation of each data point were obtained from at least two .

13
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The fact that no anodic peak/charge was observethéocontrol exposure (0 min), while a
guantifiable anodic peak/charge was found for stgkimes of 15 min or longer, suggests
that the observed peaks are due to the continudheriag of Ag NPs to the modified

electrode and subsequent oxidative stripping frdma é&lectrode. While comparing the
voltammetric profiles of the modified electrode Grii M NaClQ (Figure 4 and Figure 5)

against the voltammetric stripping scan in autlesgiawater media (Figure 6), it is clear that
the silver nanoparticles oxidation peaks shift tmare negative potential in the seawater,
which is expected from literature data on silvenayzarticle oxidation in the presence of
chloride ions [16]. This additionally proves thaetobserved peaks resulting from sticking
time of 15 min or longer are due to the adhering simipping of Ag NPs to the modified

electrode in seawater.

As before, the linear relation between stickingetsmand stripping charge was found (see
Figure 6(b)). The number or amount of Ag NPs stigkio the electrode per minute in the
seawater was 5.7xiOgiven the anodic charge from the oxidative strigpof Ag NP in
seawater. Ag NP surface coverage of between zer®.a@ for sticking times between 0 and
60 min was observed which compares well with resutwater. These results demonstrate
the efficacy of the modified, “sticky” electrode itmmobilize, pre-concentrate and quantify

Ag NPs in natural seawater.
Conclusion

In this paper, a disposable electrode for deteddinth quantification of commercial Ag NPs
in authentic environmental seawater samples wasepted. The disposable screen printed
electrode was modified with cysteine and charasmeri by sticking and stripping
experiments, which involved Ag NPs immobilisatiamthe electrode surface and subsequent
oxidative stripping, yielding a quantative deteration of the amount of Ag NPs adhering to
the electrode surface. Then the modified electnods applied to authentic environmental
seawater for mimicking field-based environmentahitaring of Ag NPs present in seawater.
The results demonstrated that Ag NPs in authenticir@nmental seawater can be
immobilised, enriched and quantified within shome period using the modified electrode
without any elaborate sample pretreatment or ewpmrial protocol. The simplicity and

efficiency with which the disposable electrode sanse Ag NPs shows high promise for in-
14
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field and real-time detection and quantification Aff NPs present in natural aquatic

environments, which we believe has significant caroal and environmental applications.
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