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Plasma deposited polyoxazoline thin films (POx) are a promising solution for the rapid, scalable, and
substrate-independent immuno-functionalization of electrochemical biosensors. However, a major
challenge in using POx thin films in electrochemical sensing is their inherently insulating nature. This
work reports the incorporation of gold nanoparticles (AuNPs) between two layers of POx which
enhances the conductivity of the films. The size of the AuNPs, their binding density on the POx
underlayer, and the POx films' intrinsic electrical resistance were all factors in improving the overall
electrochemical response of the layered construction. Surface bound electrochemical measurements
and conductive atomic force microscopy were conducted to uncover a possible mechanism for the
observed nanoparticle-mediated electron transport through the
contributor to increasing conductivity in layered constructions is maximising the surface coverage of
AuNPs on the surface to provide pathways for current to flow through the insulating matrix. As a proof
of concept, POx layered constructions were then used to detect the binding of exosomes to the

insulating matrix. The primary
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surface, indicating that these electrodes promise to provide low limits of detection when functionalised
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Introduction

The functionalization of electrodes used in electrochemical
biosensors is required to enable the immobilization of a
recognition element. Typically, electrode functionalization is
achieved using self assembled monolayers (SAM), an approach
that requires lengthy incubation steps and surface activation to
facilitate ligand binding."* The deposition of plasma polymer-
ized thin films onto electrode surfaces is an alternative method
that enables rapid, scalable, and substrate-independent surface
functionalization. Previous studies have shown that electrode
functionalization with plasma polymerized polyacrylic acid
eliminated the need for SAM formation, yet still required a
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surface activation step to initiate enzyme immobilisation.?
In another study, thin plasma polymerised polyaniline films
(PANI) reportedly allowed the adsorption of glucose oxidase
without a surface activation step, though the mechanism facili-
taing the enzyme immoblisation was not explicitely dicussed
and may not extend to other biological recognition elements.*
Our group has reported that plasma polymerized polyoxazoline
thin films (POx) are a versatile platform for electrode function-
alization.” The retention of the oxazoline ring in the deposited
POx films enables the rapid and irreversible binding of bio-
molecules to the surface in a click-chemistry type of reaction
through-COOH groups.®” Electrochemical investigations have
shown that the intrinsic structure of the POx films significantly
influences the charge transfer resistance of the coating inde-
pendently of the film thickness.® Importantly, careful optimiza-
tion of the deposition conditions was required to balance the
POx films’ electrochemical performance and their stability to
external processing, such as incubation steps, rinse cycles, and
repeated current exposure.

The overall performance of single POx layers in electrosen-
sing is somewhat underwhelming because of the inherently
insulating nature of plasma polymerised thin films. Their
internal structure is a highly branched and crosslinked network
consisting primarily of saturated alkyl chains resulting in a
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high bandgap film which electrons are unable to tunnel through.
In addition, this structure restricts the diffusion of redox active
species to the electrode and increases the charge transfer
resistance.’ As a result, when plain POx films were used to
functionalise electrodes for epithelial cell adhesion molecule
(EpCAM) detection, the biosensor sensitivity was several orders
of magnitude less than similar examples that incorporated a
method of signal enhancement such as using conductive
nanomaterials.” In fact, previous work where plasma polymer
films were used to functionalize electrodes all integrated con-
ductive nanomaterials into the electrode design in order to
obtain good biosensing sensitivity.>* Even electrodes functio-
nalized with plasma polymerised polyaniline films required the
integration of conductive nanomaterials to achieve good sensi-
tivity, despite PANI exhibiting intrinsic conductivity due to its
high degree of conjugation.” The nanomaterials that were used
in these examples were hollow TiO, spheres® as well as compo-
sites of tin oxide nanoparticles and reduced graphene oxide.*
Gold nanoparticles (AuNPs) are another class of nanomaterial
which could be used to improve conductivity.

The unique electrical properties of AuNPs have already been
proven useful to enhance charge transport and conductivity in
supercapacitors,’® to further the miniaturization of micro-
electronics,'* and to improve the sensing of biomolecules.'?
Adsorbing AuNPs onto gold electrodes passivated with SAMs
“switches on” the conductivity independently of the length of
alkanethiol used to form the SAM.“'*'* Similarly, AuNPs
mediated efficient electron transport from electroactive pro-
teins such as cytochrome ¢’ and azurin.'® These results
indicated that AuNPs provide efficient pathways for electrons
to be conducted to the electrode beneath an insulating layer
and that the rate determining step is the charging of the
nanoparticle by the redox couple."” A model by Chazalviel and
Allongue'® indeed showed that electron transfer between the
metal electrode and nanoparticles in a layered metal-SAM-
nanoparticle structure is up to 10> orders of magnitude more
efficient than between a redox molecule in solution and the
nanoparticle. More recently, Nichols et al'® also reported
improved conductivity in SAM-nanoparticle-SAM constructs
due to the unique double monolayer structure of the SAMs,
enabling more efficient electron transfer pathways. Thanks to
their high surface area-to-volume ratio, bound AuNPs also
provide a larger electrode area for the redox process to take
place, resulting in enhanced system sensitivity.°

In previous works, AuNPs were bound to POx-coated electro-
des with different surface density.” Both 2-methyl-2-oxazoline
(MePOx) and 2-isopropenyl-2-oxazoline (PiPOx) were used a
precursor, the latter resulting in a denser,”" more resistive®
film due to its unsaturated sidechain offering more routes for
the formation of crosslinks post plasma activation.>* For both
MePOx and PiPOx films, increasing the density of AuNPs on the
surface resulted in a decrease in the charge transfer resistance.
However, this decrease was not proportional to particle density
for PiPOx films, which bound a greater density of AuNPs
compared to MePOx but showed a greater charge transfer
resistance.
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In this study, we tested the feasiblity of using AuNPs to
enhance the conductivity of POx thin films for biosensing
applications through their incorporation into a layered con-
struction between these insulating films. We investigate the
electrochemical response of a layered construction where
AuNPs are incorporated between two layers of POx using
electrochemical impedance spectroscopy (EIS). The addition
of a top layer to this system is needed in order to provide a
surface to which recognition elements can be attached to
facilitate selective biosensing. Furthermore, we probe possible
mechanisms through which the AuNPs act to increase the
sensitivity of the modified electrode using conductive atomic
force microscopy and lastly, investigate the layered construc-
tion’s performance as an exosome biosensor.

Methods

Plasma polymerization

Plasma polymer deposition was carried out using a custom-
built reactor previously described.”” Ignition of the plasma was
achieved using a 13.56 MHz radio frequency generator coupled
to a matching network (Coaxial Power Systems, UK). Electrode
substrates consisted of glass slides coated with a 20 nm chro-
mium adhesion layer and a 200 nm gold layer were used as
electrodes. Silicon wafers were used as substrates for thickness
measurements. The substrates were primed using an air
plasma at 30 W, 2.0 x 10" mbar for 3 minutes. The reactor
was then evacuated to a base pressure of 2.0 x 10> mbar. The
pressure in the reactor was monitored with a Pirani gauge
(model APG100-XLC, Edwards, UK) and controlled with a
needle valve (Chell Instruments, UK) and a ball valve (ANCORP,
USA). 2-Methyl-2-oxazoline (MePOx) and 2-isopropenyl-2-
oxazoline (PiPOx) were used as the precursors (98%, Sigma-
Aldrich, Australia,). Precursors were introduced into the reactor
at the required working pressure. The plasma was ignited at the
required ignition power for 30 seconds.’

Gold nanoparticle synthesis and surface immobilization

AuNPs were synthesis through the reduction of chloroauric acid
(HAuCl,) by trisodium citrate (both from Sigma-Aldrich,
Australia).” Briefly, 50 mL of 0.01% HAuCl, was boiled under
reflux with vigorous stirring. To this solution, either 1 mL or
0.3 mL of 1% trisodium citrate was added to synthesize 16 or
68 nm AuNPs respectively. The colloidal suspensions were then
boiled for another 20 min under reflux. Nanoparticles were
functionalized with -COOH groups by adding 0.02 M sodium
hydroxide (Chem-Supply, Australia) and 0.01 M mercaptosuc-
cinic acid (Sigma-Aldrich, Australia) and allowed to stir
overnight.

AuNP binding is achieved through the unique chemistry of
the POx films and the available COOH groups on the AuNP
surface.>”** Detailed studies have shown that both the film
reactivity (i.e. Nitrogen content) and the diameter of the nano-
particles influence the binding density observed on POx
films.>* Here, POx films were incubated with AuUNP solutions

© 2024 The Author(s). Published by the Royal Society of Chemistry
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for 24 h before being rinsed with milliQ water and dried under
N, gas.

Bulk electrochemical measurements

Bulk electrochemical measurements were conducted using
2 mM potassium hexacyanoferrate(m) (Kz[Fe(CNJg), >99%,
Sigma-Aldrich, Australia) and potassium hexacyanoferrate(II)
(K4[Fe(CN)g]) (99%, Sigma-Aldrich, Australia) dissolved in phos-
phate buffered saline (PBS) (pH 7.4) water (the redox couple
solution). All electrochemical measurements were conducted
using glass substrates sputtered with a 20 nm chromium
adhesion layer and a 200 nm gold layer as working electrodes.

Electrochemical measurements were conducted with an
Ivium-n-Stat electrochemical analyzer (Ivium Technologies,
The Netherlands) and data were acquired and analyzed using
IVIUM software (Ivium Technologies, The Netherlands). The
area investigated was delimited using an o-ring with an inner
diameter of 7.5 mm in a 3 electrodes Teflon cell (Fig. S1, ESIT).
POx coated electrodes were connected as the working electrode,
an external coiled Pt wire was used as the counter electrode,
and an Ag/AgCl electrode as reference. All potentials are pro-
vided as versus Ag/AgCl.

Electrochemical impedance spectroscopy (EIS) measure-
ments were conducted in 750 pL of 2 mM [Fe(CN)’]**~ in
PBS at the open circuit potential. Frequencies were scanned
from 100 kHz to 0.1 Hz with an AC amplitude of 5 mV. Data was
analyzed using a complex plane plot of the imaginary compo-
nent vs the real component of the impedance (Nyquist plot).
The plot was interpreted by fitting an equivalent Randles circuit
model to the data using the complex non-linear least square
(CNLS) technique developed by MacDonald and Potter.>

Surface bound electrochemical measurements

To investigate the kinetics of electron transfer at the working
electrode, a self assembled monolayer (SAM) of a redox active
molecule was formed. A solution of 4 mM 11-(ferrocenyl)-
undecanethiol dissolved in ethanol was incubated with electro-
des for 16 hours after which, they were removed, rinsed in
Milli-Q water, and dried using a stream of nitrogen gas.
Electrochemical measurements were conducted in 0.1 M phos-
phate buffer using a CHI650 electrochemical workstation (CH
Instruments, USA). EIS measurements were conducted at the
half wave potential (E;,,) obtained in cyclic voltammetry experi-
ments with an AC amplitude of 5 mV between the frequencies
of 100 kHz and 0.1 Hz.

Biosensing experiments

Experiments using protein analytes and exosomes were con-
ducted to assess the biosensing sensitivity of POx coated
electrodes. Anti-prostate specific membrane antigen (anti-
PSMA) and PSMA antigen were purchased from Sino Biological
(China). Exosome suspensions isolated from cultured LNCap
cells were purchased from ATCC (USA).

POx coated electrodes to be used in biosensing experiments
were functionalized using a previously established protocol.”***”
Briefly, 50 pL of 10 pg mL ™" of anti-PSMA antibody (Prostate

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Specific Membrane Antigen) was incubated on the surfaces for 1 h
at room temperature. Next, 50 puL of 0.1 M ethylene diamine (EDM)
non-specific block was added for a further 1 hour incubation.
Electrodes functionalized in this way are termed antibody functio-
nalized samples. Negative controls were used which were incu-
bated solely in EDM and pristine POx surfaces were used as
positive controls. Electrodes were rinsed three times each with
250 UL PBS and the redox couple solution between each incubation
step after the blocking step. Increasing concentrations of the
analyte (either PSMA antigen or exosome suspension) were con-
ducted for 30 min on separate electrodes for each concentration.
PSMA antigen concentrations increased from 1 x 10 ng mL ™"
to 1 ng mL . Exosome concentrations were increased from
1.7 x 10° particles per uL to 1.7 x 10° particles per L.

X-ray photoelectron spectroscopy (XPS) measurements

XPS analysis was conducted on a Kratos Axis Ultra DLD spectro-
meter with a monochromatic Al Ko X-ray source at 225 W
(1486.6 eV) to assess the chemistry of the plasma polymer
films. An area of 0.3 x 0.7 mm with sample charging mini-
mised with an internal flood gun. Survey spectra were collected
with a dwell time of 55 ms using 160 eV pass energy and steps
of 0.5 eV with three sweeps. Data analysis was conducted using
Casa XPS (Version 2.3.24, Casa Software Ltd).>

Ellipsometry

Thickness measurements of the POx films were performed
using a spectroscopic ellipsometer (V-Vase, J.A. Woolam, MC-
200) over a wavelength range of 250-1100 nm at 65°, 70°, and
75°. The plasma polymer layer thickness deposited onto clean
silicon wafers was determined using a Cauchy model and
fitting procedure.

Scanning electron microscopy (SEM)

High resolution imaging of the AuNP functionalised POx
surfaces was conducted using a Carl Zeiss Microscopy Crosspy
Crossbeam 540 with a GEMINI II column and equipped with a
field emission gun to acquire secondary electron images.
Images were obtained using an accelerating voltage of 5 kv
and a working distance of 3 mm. Acquired SEM images were
processed using Image] (Version 1.53, US National Institutes of
Health).>*

Conductive atomic force microscopy (cAFM)

A Buker Dimension PF-TUNA atomic force microscope was
used to investigate the conductivity of the surfaces in ambient
conditions. Current-voltage curves (IV curves) were obtained
using solid Pt tips (RMN-25 PT300B, Rocky Mountain Nano-
technology), with a nominal resonant frequency of 20 kHz and
a spring constant of 18 N m™'. IV curves were obtained by
ramping the potential between —0.1 V and 0.1 V 30 times at
each position with a peak force of 2.25 pN and a ramp rate
of 1 Hz.

Mater. Adv, 2024, 5,209-219 | 21
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Results and discussion
Electrochemical characterization of POx films

Thin films were plasma deposited on sputtered gold substrates
from the two oxazoline precursors, MePOx and PiPOx. Both the
chemistry (e.g. nitrogen content, Fig. S2, ESIt) and electro-
chemical responses of the films vary with the deposition
condition parameters, namely time, power, pressure and mono-
mer chemistry. The electrochemical properties were studied
using electrochemical impedance spectroscopy. The obtained
Nyquist Plots (Fig. S3, ESIt) were analysed by fitting a Randles
circuit (Fig. S4a, ESIT) to the data and the value of the extracted
charge transfer resistance (R.) are presented in Fig. 1.

The film thickness increases linearly with deposition time
(Fig. S5, ESIt), which in turn increases the R., as shown in
Fig. 1a for MePOx film deposited with two ignition power and
flow rate combinations. While greater ignition powers result in
films that are inherently more resistive, both deposition con-
ditions tested here show a critical value between 7 and 8 nm
above which the resistance increases significantly with small
changes in thickness. This is in good agreement with previous
works which have shown that films thicker than 8 nm were too
insulating for biosensing applications.’ In the following work,
the deposition time was therefore set to 30 s in order to
generate films 6 nm in thickness.

For any given monomer, the R, of 6 nm thick films increases
significantly with increasing plasma ignition power (Fig. 1b and
c). The large increase in resistance between films deposited at
25 W (2800 £ 100 Q) and 30 W (23 000 =+ 1800 Q) for MePOx and
10 W (17 000 + 800 Q) and 15 W (84 000 + 8000 Q) for PiPOX,
indicates that there is a marked change in the films internal
structure (i.e. crosslinking) between these ignition powers.
When the ignition power is kept constant (20 W), increasing
the monomer flow rate from 0.1 mbar to 0.14 mbar also had the
effect of increasing the overall resistance of MePOx (from 800 +
60 Q to 1600 £ 200 Q). While the level of crosslinking is unlikely
to be increased by providing excess monomer at the same
power (no added power provided to break bonds and create
additional cross links with the extra monomer material),
loosely bound fragments may become trapped within the films,
hence adding to the overall resistance.

The difference in chemistry between the two monomers
used here induces greater effect on the measured R. than
varying the deposition conditions. This arises from the unsa-
turated pendant group present in PiPOx, which provides a
source of additional crosslinking, resulting in films that typi-
cally are denser than MePOx.>" The deposition powers used for
PiPOx were reduced to account for this difference in an attempt
to limit the degree of crosslinking within the films. Yet, even for
films deposited at powers as low as 10 W, the R, of the PiPOx
was 17000 £ 800 Q - an order of magnitude greater than
MePOx films deposited at 20 and 25 W and similar to that
obtained using 30 W. When the ignition power for PiPOx
deposition is increased to 15 W, the resistance increases further
to 84 000 & 8000 Q - a film that is too resistive to be suitable for
biosensing applications. However, PiPOx films deposited at
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Fig. 1 (a) Relationship between MePOx film thickness and R for two
ignition power and monomer flow rate combinations. Fitted R values and
their corresponding thicknesses for (b) four MePOx deposition conditions
and (c) two PiPOx deposition conditions.

ignition powers below 10 W exhibit instability (Fig. S6, ESIT).
Thus, the balance of conductivity and stability obtained by
films deposited at 10 W make these films the best suited for
biosensing applications.

The two most conductive MePOx films - 20 W, 0.1 mbar and
20 W, 0.14 mbar (MePOx conditions 1 and 2 respectively) and
PiPOx 10 W 0.12 mbar, all deposited for 30 s, were therefore
chosen for further investigation. These three films are good
candidates to evaluate the impact of surface-bound AuNPs
on the systems overall electrochemical responses because they
have comparable thickness and nitrogen functionality (Fig. S2,
ESIT), but different intrinsic R..

© 2024 The Author(s). Published by the Royal Society of Chemistry
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AuNP immobilisation on POx films

Two nanoparticle sizes were bound to the three most promising
POx layers (Table 1) to test the hypothesis that AuNPs can
reduce the resistance of films.

The particles binding densities (number of particles per unit
area, Fig. 2a) were determined from SEM images analysis
(Fig. 2b-g). 16 nm AuNPs bound in higher numbers than
68 nm particles on all three films. Previous work by Visalakshan
et al®* found that smaller particles are able to more densely
pack on the modified surfaces than larger ones due to electro-
static repulsion (arising from deprotonated COOH groups on
the particle surface) that determines particle-particle separa-
tion. A greater surface density of nanoparticles was observed for
both particle sizes on PiPOx compared to MePOx, in good
agreement with previous studies.” Of note, particles bound in
aggregates on MePOx condition 2 rather than as individual
nanoparticles. Previous studies have documented this phenom-
enon in rather unstable films which elute monomer fragments
in solution.®** The presence of loosely bound monomer frag-
ments in MePOx condition 2 films, which was suspected in the
previous section due to their electrochemical behaviour, is here
confirmed as it causes the AuNPs to aggregate. Consequently,
although both PiPOx and MePOx condition 2 films have a
similar binding density of 16 nm AuNPs, PiPOx features a more
evenly distributed surface coverage resulting in a larger
increase in surface area than the same size particles on MePOx
condition 2. The aggregate structure decreases the effective
surface area available to interact with the electrolyte, which
could negatively affect the overall conductivity enhancement
effect.

To harness the conductivity enhancement provided by the
AuNPs and simultaneously create a functional surface for
biofunctionalization, an additional layer of MePOx is applied
over the AuNP-functionalized surfaces. The resistance of this
layer-by-layer construction was investigated via EIS (Fig. 3).

Effect of the underlayer on R,

The effect of the underlayer on the overall system resistance
was investigated first while keeping the overlayer constant.
MePOx (25 W 0.12 mbar 30 s) was selected as the overlayer
for its high nitrogen content, which imparts high bioreactivity
that is suitable for biomolecule immobilisation.

When MePOx condition 1 is used as the underlayer, a
noticeable reduction in R is observed upon AuNPs addition,
using both 16 and 68 nm AuNPs and an increase in R, is then
observed following the addition of the top layer (Fig. 3a). This is
not suprising as the top layer itself is quite resistive (Fig. 1a).
What is worth noting, however, is that the overall system does
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not return to a resistance level equivalent to that of the top layer
itself (2800 + 100 Q), indicatng that the AuNPs continue to play
a role in decreasing the R, even when incorporated between
two POx layers.

When using MePOx condition 2 as the underlayer, the
results are not as straight forward. The 16 nm AuNPs do lead
to a decrease in R, but the 68 nm AuNP do not (Fig. 3b). These
results are in keeping with the number of AuNPs bound to the
underlayer (Fig. 2a). Indeed, MePOx condition 2 bound fewer
68 nm particles than condition 1 and in the form of aggregates.
The aggregation of nanoparticles on the surface led to a lesser
increase in effective surface area compared to a surface that
bound the same density of individual particles. Hence, the low
density of aggregated 68 nm particles on MePOx condition 2
resulted in no appreciable change in R.. Yet, the R.. does not
increase upon addition of the top layer when MePOx condition
2 is used as the underlayer and showed a 71.1% reduction in R,
compared to the bare underlayer. This result - which indicates
that AuNPs do improve conductivity even when beneath an
insulating layer - is surprising but not isolated.

Indeed, when AuNPs are bound to a PiPOx underlayer
(Fig. 3c), we observe the expected decrease in R, for a PiPOx +
AuNP surface. However, when the top layer is added, the R
decreases further for both 16 nm and 68 nm AuNPs and
resulted in a 98.7% and 98.1% reduction in R. respectively
compared to bare PiPOx. A previous study has shown that when
AuNPs were bound to PiPOx films in increasing densities,’
a decrease in R.; was observed. However, at the highest bound
density, the decrease in R, was not proportional to the amount
of gold detected on the surface. It was hypothesized that this
effect was due to electrostatic repulsion between the negatively
charged redox couple and the negatively charged AuNPs. The
decrease in R following deposition of a top layer in Fig. 3c
could be attributed to the screening of charges between AuNPs
and the redox couple. This enables the AuNPs to provide a path
for electrons to tunnel through the insulating layer to the
electrode beneath.

Further support for this hypothesis can be observed in the
different responses in R, between the two AuNP sizes. For the
intermediate electrodes (PiPOx + AuNP), the 16 nm AuNPs have
a greater R than the 68 nm ones, but this is reversed for
electrodes with the layered construction. These trends correlate
with particle densities observed in Fig. 2a and with other
studies on the relationship between AuNP size and their bind-
ing density.>" Therefore, AUNP coverage of the electrode surface
could be a major determinant in the extent to which the R, is
reduced in a layered construction.

Overall, the deposition conditions and chemistry of the
underlayer used has been shown to contribute two important

Table 1 Deposition conditions, nitrogen content, thicknesses and measured R of the PiPOx and MePOx films chosen for further investigation

Ignition power (W) Monomer flow rate (mbar) % Nitrogen Thickness (nm) R (Q)
PiPOx 10 0.12 3.8 £ 0.05 5.8 £ 0.2 17200
MePOx condition 1 20 0.14 5.0 £ 0.07 6.3 £0.2 1560
MePOx condition 2 20 0.1 4.3 + 0.08 6.3 £0.2 804
© 2024 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.,, 2024, 5, 209-219 | 213
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represents p < 0.01, *** represents p < 0.001. Schemes beneath give a graphical representation of each stage of layered construction.

factors in the electrochemical response to bound AuNPs. The
chemistry of the films dictate the maximum possible binding
density of AuNPs and hence, the extent to which the charge
transfer resistance through the films is reduced. However, the
inherent resistance of the films may also influence the extent to
which AuNPs can reduce the resistance.

Effect of the top layer on R,

Next, the impact of the top layer deposition conditions on the
R was investigated. PiPOx + 16 nm AuNPs was chosen as the
underlayer and nanoparticle combination as this was shown to
have the greatest decrease in resistance following deposition of
the top layer. MePOx conditions 1 and 2 were deposited on top
and compared with the response observed in Fig. 3c (Fig. SI7,
ESIt). MePOx condition 1 reduced the resistance to a similar
degree to the 25 W film used in Fig. 3c (approx. 260 Q).

214 | Mater. Adv, 2024, 5, 209-219

The reduction in R in the layered construction compared to the
intrinsic top layer resistance indicates that the AuNPs enhanced
electron transfer to the electrode. However, MePOx condition 1,
being the least resistive of the films tested here, resulted in the
most conductive layered construction when used in combination
with PiPOx and 16 nm AuNPs. This combination of PiPOx-AuNP-
MePOx was used for further characterisation.

Kinetics of electron transfer

Next, surface bound electrochemical measurements were con-
ducted using a SAM of 11-(ferrocenyl)-undecanethiol to study
the rate of electron transfer (k.. as a function of the layered
construction structure. Unlike classic electrochemical measure-
ments, where the redox couple is part of the bulk electrolyte,
here the redox active species is immobilized on the surface
of the electrode. Fig. 4a and b presents a schematic diagram

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic diagram showing the type of electrochemical experi-
ment being conducted. (a) A bulk electrochemical experiment contains
redox active species among supporting ions in solution that need to
diffuse to the electrode surface to be oxidised or reduced. (b) A surface
bound electrochemical measurement involves the formation of a redox
active SAM on the electrode surface, removing the diffusive component of
the system. (c) Calculated rate constants of electron transfer (k) from EIS
measurements of 11-(ferrocenyl)-undecanethiol modified electrodes.

showing the difference between these two type of electro-
chemical experiments.

A typical bulk electrochemical measurement (Fig. 4a)
requires the redox active species to diffuse from the bulk
electrolyte to the electrode surface to undergo oxidation or
reduction. As such, the Randles circuit that models this system
contains a Warburg element to account for the diffusion of
ions. In contrast, surface bound electrochemical measurements
are not limited by diffusion processes (Fig. 4b) Therefore, the
equivalent circuit used to model this kind of experiment
replaces the Warburg element with a capacitance of the
adsorbed species (C.qs) (equivalent circuits are shown in
Fig. S4b, ESIt). The rate constant of electron transfer, ke, is
then calculated using the extracted R.. and C,q values, following
an established method.?® This approach provides complemen-
tary information on the systemby enabling the quantitation of
ke: values, and thus further information on the electron
dynamics occurring through the polymer films without the
interference of diffusion effects.

The calculated values for k. are presented in Fig. 4c for gold
electrodes with SAMs of 11-(ferrocenyl)-undecanethiol formed
on them. As expected, bare gold electrodes showed the highest
rate constant as there is no insulating layer present to impede
the transfer of electrons to the electrode. When a POx coating is
added, either MePOx or PiPOx, the k. of the redox process
decreases significantly to approximately 400 s~* and 600 s,
respectively. The rate constant for PiPOx compared to MePOX is
consistent with the previous R.; measurements.
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When AuNPs are incorporated into the surface, there is a
slight decrease in k.. compared to the PiPOx only film, but no
significant change is observed when a MePOx top layer is added
to the construct. As the PiPOx + AuNP surface has gold surfaces
available to the electrolyte, it was expected that a SAM would
form on the AuNPs. However, the lack of significant increase in
k.. seems to invalidate this hypothesis. Suggesting, instead that
either the 11-(ferrocenyl)-undecanethiol may not have been
able to displace the mercaptosuccinic acid SAM already present
on the AuNP surface or that the plasma polymer based layered
construction may have little to no effect on the rate determin-
ing step of electron transfer - the charging of the nanoparticle
by the redox couple.'® Previous work investigating anthraqui-
none (AQ) based molecular switches showed that this AQ
conjugated redox centre improved electron transfer through
saturated alkyl groups.®'? It was proposed that redox active
anthraquinone centres surrounded by saturated alkyl groups
provided intermediate virtual energy states that facilitate tun-
neling through saturated norbornylogous bridges, thus redu-
cing the barrier to electron tunelling. It appears that a similar
mechanism may be at play here. In the case of PiPOx-AuNP-
MePOx layered constructions, this time not at the molecular
scale but at the nanoscale, with the AuNPs present within the
polymer matrix providing energy states for electron transfer to
occur thorugh the saturated polymer.

To further elucidate a possible mechanism for how AuNPs
contribute to reducing the R, of POx films, conductive AFM was
carried out on the electrode surfaces at each stage of the layered
construction.

Large area conductive AFM measurements

Current-voltage (I-V) curves were acquired across several spots
on the electrode surfaces and the current response is presented
in Fig. 5a. Rather than a specific shape or trend in the trace for
each type of sample, three distinct categories of traces were
observed across all samples tested. Traces where a steep switch
in current occurs between —2 mV and 2 mV (Fig. 5a, left) are
conductive traces and the plateaus at —600 nA and 600 nA
indicate saturation of the current detector. Another group of
traces showed no current response to ramping the potential
(Fig. 5a, right), and these are referred to as insulating traces.
Lastly, traces that showed some current in response to the
ramping potential but did not saturate the detector (Fig. 5a,
middle) correspond to intermediate conductivity profiles.
Fig. 5b presents a schematic of hypothesized AFM tip locations
in relation to AuNPs on the surface. Conductive traces are
hypothesized to result from having the tip touching the AuNP
and there being the smallest distance possible between the
platinum tip and the AuNP, giving electrons a direct path to the
nanoparticles. Traces that show intermediate conductivity are
hypothesized to correspond to the tip touching the plasma
polymer film in the proximity of a nanoparticle, enabling lateral
conduction of electrons from the AFM tip to the AuNP. Lastly,
insulating films showing no response to current are likely to be
in areas where there are no AuNPs present in close proximity
and therefore no paths for electrons to tunnel to the electrode.

Mater. Adv,, 2024, 5,209-219 | 215
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The percentage of each type of current transfer occuring at
different stages of the layered construction are repesented in
Fig. 5c and d for 16 and 68 nm AuNPs, respectively. A lone layer
of PiPOx only returns insulating traces, confirming the high
resistance of the film as observed previously. When 16 nm
AuNPs are added to the PiPOx layer (Fig. 5¢), 42.7% of the traces
are conductive with an extra 26.7% showing intermediate
conductivity - a total of 69.3% of traces showing conductivity.
On the other hand, when 68 nm AuNPs are used (Fig. 5d),
61.8% of the traces show conductivity (47.3% conductive traces
and 14.5% intermediate conductivity traces). The fewer inter-
mediate traces observed with 68 nm particles are consistent
with the nanoparticle binding density trends observed in Fig. 2,
where this particle size bound in small aggregates, leaving a
greater distance between nanoparticle aggregates. This greater
distance between aggregates would decrease the probability of
tunelling from the tip and therefore, less probability of obser-
ving an intermediate trace in these spaces. More even surface
coverage - resulting from fewer nanoparticle aggregates —
reduces the average interparticle distance and increases the
probability of the tip interacting with the surface in a region

216 | Mater. Adv, 2024, 5, 209-219

where conductivity cany be measured. Therefore, the greater
proportion of conductive traces in samples with 16 nm AuNPs
suggests that more even surface coverage of AuNPs is the
primary determinant of reducing the overall R;.

When the top layer is deposited on samples with 68 nm
AuNPs, we see no significant change in the total number of
conductive traces, but these are made up of a greater number of
intermediate conductivity traces (24.3% versus 14.5%). This
result provides support for the ability of AuNPs to provide a
path for electrons to tunnel through the POx top layer and
reach the electrode beneath. However, when a layer of MePOx is
deposited on top of the smaller AuNPs, the percentage of
insulating responses increases significantly from 30.7% to
81.1% of all traces. Li et al.> investigated the effect of insulat-
ing SiO, shells on AuNPs of different sizes and found that the
tunnelling current detected decreased with decreasing particle
diameter when the shell thickness is kept constant. They
attributed this effect to weaker electromagnetic fields produced
by smaller nanoparticles and proposed that this is evidence of
surface plasmon coupling contributing to the conductivity.
Surface plasmons on particle surfaces induce magnetic fields,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the intensity of which are related to the particle size. Coupling
between the magnetic fields from nanoparticles and the mag-
netic field of the cAFM tip may accelerate electrons and con-
tribute to the enhanced electron conduction through insulating
films. Other work based on the development of conductive
protein films using AuNPs reached a similar conclusion.>* This
is consistent with the observed effects here, where the larger
AuNPs maintained a detectable tunnelling current through the
insulating MePOx top layer whereas, the smaller 16 nm parti-
cles saw a greater proportion of insulating traces when the
same top layer is added. Furthermore, due to the high surface
coverage of 16 nm AuNPs, the changes in nanotopography
following deposition of the top layer may reduce the accessi-
bility of the platinum tip to the areas between nanoparticles
(Fig. 5b). This in turn could prevent the tip from reaching close
enough to the nanoparticle to record a conductive or inter-
mediate trace, thereby inflating the number of insulating traces
recorded.

Layered constructions in biosensing

Lastly, the optimised layered construction was used in a
biosensing experiment to assess any improvement in sensitivity
gained by the lowered baseline resistance of the AuNP-doped
plasma polymer bilayer configuration.

To functionalise electrodes for biosensing applications, POx
coated electrodes were incubated first with anti-PSMA anti-
body, then blocked by incubating with EDM. EDM binds to
the POx through electrostatic interactions between its positive
dipole and negatively charged sites on the surface, hence, a
reduction in R, is observed compared to unfunctionalised POx
surfaces.*>?°

Firstly, detection of the PSMA antigen was attempted using
single layer POx-functionalised electrodes (Fig. 6a). No signifi-
cant trend was observed between the concentration of PSMA
antigen and measured R, indicating that there may be an
incompatibility between the antibody and the PSMA antigen or
that the sensitivity of this system is not sufficient for this type of
analyte in a concentration range comparable to other examples
in the literature.’”*® The inherent resistance of the MePOx
films is likely too great for small changes in resistance caused
by a protein binding to be detected. Therefore, exosomes
isolated from LNCap cells (Fig. 6b) were used instead as they
are physically larger and would induce a greater change in
resistance upon binding.

When exosomes are incubated on electrodes functionalized
with a single layer of MePOx condition 1 (Fig. 6¢), there is some
response in R to increasing exosomes concentrations binding
on the antibody functionalised electrode compared to the
blocked negative control. A limit of detection (LOD) was calcu-
lated to be 96.1 particles per pL using the method 3SD/(slope)
where SD is the standard deviation of the regression line.*°
However, if the optimised PiPOx-AuNP-MePOx layered con-
struction is used (Fig. 6d) to functionalize the electrodes, we
observe a correlation between R. and exosome concentration
leading to an LOD of 35.2 particles per pL. This enhancement
in sensitivity compared to MePOx only arises primarily due
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represents 200 nm. Response in R for LNCap derived exosome detection
when MePOx condition 1 is used to functionalize the electrode (c) and when
the full layered construction is used to functionalize the electrode (d).

to a lower standard deviation calculated for the slope and
highlights that the layered construction provides more repro-
ducible data. The small correlation between R.. and exosome
concentration that was observed for antibody functionalised
electrodes here also indicates that there is an incompatibility
between the selected antibody and the exosomes despite LNCap
cells being reported to express PSMA.*>*! However, the LOD
calculated for the positive control — where exosomes are cap-
tured non-specifically onto the surface — was 12.9 particles per
pL. This is comparable to other reported examples in the
literature of exosome biosensors where LODs were determined
to be 96 particles per pL,**> 70 particles per pL** and low as
20 particles per pL.**** The calculated LOD for the positive
control indicates that a biosensor using the POx layered con-
struction has promise to achieve a low LOD comparable to
other literature when a suitable recognition element is used.

Conclusions

We have demonstrated that there is a complex link between the
deposition conditions of POx thin films and their chemical and
electrochemical response. Increases in the plasma ignition
power and monomer flow rate led to elevated film resistances
at a given thickness. Furthermore, another major influence on
the films’ resistivity was the chemistry of the monomer, with
unsaturated monomers (PiPOx) providing additional pathways
for crosslinking during the plasma polymerization. To reduce
the charge transfer resistance of the films, in turn making them
more suitable to biosensing, a layered construction of AuNPs
incorporated between two layers of POx was optimized.

Mater. Adv., 2024, 5,209-219 | 217


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00641g

Open Access Article. Published on 20 November 2023. Downloaded on 4/8/2026 2:48:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

A complex relationship between the inherent resistance of the
underlayer and the bound nanoparticles was observed. In situations
where particle density was kept constant but particle distribution
on the surface differed, more even surface coverage combined with
higher resistance underlayers resulted in a greater decrease in Ry
No significant relationship between the kinetics of electron transfer
(ket) and the presence of AuNPs was observed. Tunnelling currents
detected through cAFM show that 68 nm AuNPs maintain the
ability to promote the tunnelling of electrons through the insulating
top layer. Yet, further work is required to elucidate the mechanism
that enables the significant reduction in R, in the layered construc-
tion when 16 nm AuNPs are used. Lastly, a biosensor based on this
method of functionalization promises to be sensitive and suitable
for the detection of exosomes.
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