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Abstract—The fabrication of conductive composite microneedle (MN) patches modified with palladium clusters for the
electrocatalytic detection of peroxide is described. Micro molding techniques are utilized in which carbon nanoparticles
are bound within a polystyrene matrix resulting in the production of a 10x10 array of needles of length 700 micron.
Electrochemical anodization of the carbon particles increases the interfacial carboxyl group population which facilitates
the capture of Pd2+ ions. Their subsequent electroreduction yields a catalytic interface with a high sensitivity towards
the electroreduction of peroxide (-0.3 V : 49.7+/-2.8 pA mM1cm?;-0.5V: 102.1+/- 2.32 pA mM-1 cm2). The microneedle
sensing system and the various modification stages has been characterized using mechanical testing (fracture testing),
cyclic voltammetry and high resolution x-ray photoelectron spectroscopy.

Index Terms— Microneedle Sensors, Carbon Composites, Palladium Nanoclusters, Peroxide Detection.

. INTRODUCTION

The development of microneedle (MN) arrays as a minimally
invasive method of drug delivery [1-3] is well established but it is
only in recent years however, that the underpinning technologies used
to produce such arrays have been adapted for the development of
transdermal sensors. The metalization of silicon or polymeric needles
with gold or platinum has already been investigated for use in a
variety of biosensing applications [4-7] but micro-molding techniques
have been shown to offer a more rapid prototyping option within
conventional laboratory settings [8-10]. The incorporation of
nanomaterials into a suitable polymer composite matrix (typically
polystyrene) can allow tailored applications and, in the case of carbon
nanoparticles, conductive sensors with a rich surface chemistry ripe
for further modification. The aim of the present communication has
been to investigate the development of conductive carbon
microneedles and their modification with palladium clusters to
facilitate the highly sensitive detection of peroxide.

This approach relies on nano-structuring the carbon surface
through the electrochemical exfoliation of the interfacial carbon
nanoparticles that comprise the conductive elements within the array
[8,9]. This should have the effect of increasing both the proportion of
edge plane sites and the population of oxygen functionalities —
principally carboxylate groups. The latter can then be used to
passively chelate palladium (I) ions from solution which, when
placed in fresh buffer, can be electrochemically reduced to yield
discrete nano clusters of palladium. It was anticipated that this
templating methodology would minimize aggregation associated with
dispersal of preformed nanoparticles on to electrode surfaces. The
strategy adopted in this work is highlighted in Fig 1.
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Fig. 1. Mechanism of Palladium catalyzed peroxide reduction at the anodized
carbon microneedle interface. Capture of Pd? through coordination with
carboxyl moieties (1). Electroreduction of Pd?* to Pd metal (2). Electro-
reduction of peroxide at the Pd clusters immobilized on the microneedle
surface(3).

Previously, silver, gold and platinum have been validated as
favorable metals in the detection of H202 [4-7]. However, palladium
is emerging as a superior choice of metal due to the comparable low
cost, robustness and superior electron transfer characteristics [11-19].
While the application of Pd to electrode designs for H202 sensing is
ever growing, it has long been recognized that the size, shape and
structure of metallic nanoparticles will affect electrocatalytic
performance [18]. Thus, it was anticipated that the large surface area
to volume ratio of metallic nanoparticles would amplify sensitivity
during electrochemical analyses [19].
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II. MICRONEEDLE FABRICATION

Carbon nanoparticles (cnp) (Sigma UK) were combined with
polystyrene beads (192,000 average Mw Sigma) in a ratio of 50:50 by
weight, dissolved in cyclohexanone and stirred until a homogenous
solution was obtained (typically 2 hours). The solution was cast into
Micropoint® silicone templates (200 (base) x 500 (pitch) x 700
(height) um covering a 10 x 10 needle array) as indicated in Fig 2.
Templates were placed in a vacuum at 30°C and once the pressure had
increased to 1000 mbar, air was released to draw the homogenous
solution to the tips of the silicone cast ensuring sharp microneedle
production. The solvent was left to evaporate at room temperature
(over 48 h) whereupon the needles could be removed from the
template. The baseplate and non-needle surfaces were coated with
enamel (6 h drying period) to serve as a dielectric and define the
geometric electrode area (0.49 cm?).

[ll. MICRONEEDLE CHARACTERISATION

Scanning electron micrographs detailing the morphological
features of the composite microneedle systems after casting carbon-
polystyrene microneedles (50:50 wt/wt) are highlighted in Fig. 2A.
The needles have a high aspect ratio and an average tip width of 2.5
micron (N = 10). The polystyrene binder provides a smooth surface
structure and stands in contrast to previous reports of composite
needles consisting of metallic Pd particles enmeshed within a
polycarbonate/polystyrene matrix where a granular morphology was
evident [8].

Fig 2. Micropoint® silicone micro molding template and resulting carbon-
polystyrene microneedle array. Scanning electron micrographs of the MN
array before (A) and after fracture testing (B).

It could be assumed that a high concentration of carbon to polymer
ratio would improve the conductivity of the MN array, however, a
balance is required between the conductive functionality and
maintaining the mechanical structure of the array. The 50:50 carbon-
polystyrene microneedle patches were found to be optimal and the
conductivity measured using 2461 series SourceMeter® (Keithley) 4
point probe and found to be 1575.2 S/m + 96 S/m (N = 5).

IV. FRACTURE TESTING

The force required to mechanically fracture the microneedle was
measured using an axial load test station (Instron® 3344,
Buckinghamshire, UK) with a 50 N load cell. A round metal rod with
a diameter of 10 mm was driven into the microneedle array at a rate
of 0.01 mm/s until fracture occurred. The mechanical integrity of the
needles was assessed under compression and the mean axial force
required to fracture the MN tips within the array was found to be 11.35
N +/- 0.91 N (based on 5 discrete samples) which equates to 0.1 N per
needle. Olatunji et al (2013) have shown that the forces required for
reliable insertion through skin tend to reside within the range of 0.028
N and 0.03 N which are comfortably lower than the fracture force in
the composite system investigated here [20].

V. MICRONEEDLE MODIFICATION

Electrochemical anodisation (+2 V, 0.1 M NaOH) was performed on
the carbon based MN patches in order to promote the formation of
interfacial carboxyl groups necessary for the capture of the palladium
ions [8,9]. Oxidation of carbon fibers and the production of a large
variety of chemical moieties (Fig 1) is well established and it was
expected that a similar process would result with the carbon
composite formulation used in the production of the needles.
Modification of the interfacial carbon particles surface was assessed
through X-ray photoelectron spectroscopy (XPS) using a Kratos Axis
Ultra DLD spectrometer. Spectra were analyzed using
monochromated Al Ko X-rays (hv = 1486.6 electron volts (eV))
operating at 14 kV and 10 mA (140 W). A hybrid lens mode was used
(electrostatic and magnetic) with a 300 pm x 700 um analysis area
and a take off angle (TOA) of 90° with respect to the sample surface.
Wide energy survey scans (WESS) were collected across 0 — 1200 eV
binding energy (BE), with a pass energy of 160 eV. High resolution
spectra were collected with a pass energy of 40 eV. A charge
neutralizer system with a filament current of 1.95 A and a charge
balance between 3.3 V — 3.6 V was used for all samples. Charging
effects on the BE positions were adjusted by setting the lowest BE for
the C1s spectral envelope to 284.8 eV, which is commonly accepted
as adventitious carbon surface contamination [21,22]. Peak fitting of
high resolution spectra was carried out using Casa XPS software.

Typical high resolution Cls spectra highlighting the carbon
functional groups pre and post anodization are detailed in Fig 2A
respectively along with the associated peak fitting. The C1s spectra of
the unmodified carbon needle surface is largely sp?/sp® due to the
graphitic nature of the carbon particles and the polystyrene binder.
Once oxidized (Inset Fig 2A), a greater proportion of carbon-oxygen
functionality emerges with the percentage of carboxyl groups
increased from a negligible level to almost 3%. The profiles are
similar in nature to previous reports of electrochemical and plasma
treatment of carbon substrates where the sp? components associated
with the basal structures are oxidized leading to a variety of C-O
groups [23]. In this particular case, the change in the sp? peak is less
dramatic due to the predominance of the phenyl ring in the
polystyrene binder which will be unchanged upon anodisation. The
increase in the carboxyl functionality is however critical to the overall
electrode modification strategy.
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The presence of chelating groups at electrode interfaces has been
shown to enable the passive capture of metal ions which can then be
converted to nanoparticulate clusters through the addition of a
appropriate reducing agent (typically NaBH4 or hydrazine) [24-27].
In this case, palladium was successfully chelated by the carboxylate
groups at the MN surface through immersing the anodized MN into a
solution of 1 mM sodium tetrachloropalladate (II) for 10 minutes
followed by rising with copious amounts of deionized water. The MN
were then held at a reducing potential to electrochemically convert the
Pd?* to Pd metal. X-ray photoelectron spectra of the MN pre and post
exposure to Pd?* (and after electroreduction) are compared in Fig 3B.
The typical double peak associated with the Pd 3d3/2 and Pd 3d5/2
components with the observed binding energies of 334.96 eV and
340.26 eV respectively found to be in good agreement with the
expected values for Pd°® [28,29]. The relative elemental surface
composition found that the Pd component was 0.85 atomic%
concentration (N = 3). This was expected, since it is not a layer of Pd
deposited on the surface but rather a dispersion of Pd nanoclusters.
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Fig 3. X-ray photoelectron spectra (A) of the carbon composite microneedle
before and after (Inset) electrochemical anodization and (B) XPS confirming
the capture and reduction of Pd?* to Pd° at the MN surface.

VI. RESULTS AND DISCUSSION

The sensitivity to hydrogen peroxide was tested in increasing
concentrations of H202 in pH 7 buffer solution by cyclic voltammetry
(+0.8 VV t0 -0.8 V at 50 mV/s). Cyclic voltammograms comparing the
response of the MN array to peroxide pre and post Pd modification
are shown in Fig 4. The blank response of the Pd modified MN array
exhibits both reduction (-0.034 V) and oxidation (-0.371 V) peak
processes in the absence of peroxide and is consistent with previous
investigations examining Pd clusters at modified electrodes [24-26].
The addition of peroxide to the Pd system leads however to a marked
increase in the reduction response (especially in comparison to the
unmodified MN control). An oxidative process is also observed but it
is clear from Fig 4 that its sensitivity is considerably less than the
reduction process.
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Fig 4. Cyclic voltammograms detailing the response of a Pd modified carbon-
polystyrene microneedle array towards peroxide (0 to 500 uM) in pH 7
Britton-Robinson buffer. Inset: unmodified microneedle response to peroxide
under similar conditions. Scan rate: 50mV/s. Voltages recorded relative to a
3M Ag|AgCI half cell.

There is an extensive literature base on the use of nanoparticles to
confer selective and sensitive responses to peroxide (-0.3 V : 49.7 +
2.8 pAmM?tcm?; -0.5V: 102.1 + 2.32 uA mM?* cm?; N = 3) and
some of these are included in Table 1 for comparison. It is clear from
Fig 4 that the Pd modified microneedle array is superior to the bare,
unmodified carbon system but it is also evident that it is also
competitive with many of those listed in Table 1.

Table 1. Electrode sensitivity towards Peroxide

Electrode Type Detection Sensitivity
Potential

/V pA mM* cm? Ref
Nafion Pd C-F +0.8 27.71 8
PANPs-MWCNTs/GCE +0.35 0.17 11
Zn0/C0304/NiC0204/Ni +0.55 388.00 12
Co304 NPs +0.2 72.75 13
Pd C-F -0.2 148.89 8
ER-GNO/IL-SPE -0.2 78.13 14
rGO/ZnO/GCE -0.38 0.01 15
Nafion/CAT/rGO/GCE -0.45 7.76 16
Au-Pd/MoS,/GCE -0.1 184.90 17
Pd/C Microneedle -0.3V 49.7 TW
Pd/C Microneedle -0.5V 102.1 TW

Where: TW = This work; ER-GNO= electrochemically reduced
graphene oxide; rGO = reduced graphene oxide; IL = ionic liquid; SPE
= screen printed electrode; GCE = glassy carbon electrode; MWCNT =
multiwall carbon nanotube; C-F = carbon fiber; CAT = catalase

Given the response of the unmodified MN array to peroxide (Inset Fig
4), it is clear that sensitivity depends on presence of Pd. It could be
anticipated that increasing the proportion of carboxyl groups beyond
the 3% found here, would increase Pd loading and thereby improve
the response. In practice, increasing the anodization time (even up to
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1 h) was found to have little influence on the interfacial carboxyl
group population and can be attributed to the competing processes of
chemical modification and physical exfoliation of the modified (now
hydrophilic) lattice components from the graphitic particle.
Alternative  (chemical) methods of incorporating carboxyl
functionalities at the carbon interface may however offer a more
effective means through which this limitation could be overcome.

VIl. CONCLUSIONS

The ability to rapidly fabricate conductive composite microneedle
patches by micro-molding in silicone templates has proven to be
significantly advantageous over alternative micro-machining
techniques. The ability to directly chelate Pd to the anodized
microneedle electrode surface was demonstrated as a highly effective
and sensitive peroxide sensor. In turn, the facile means of depositing
a metallic catalyst for peroxide detection paves the way for exploring
the immobilization of H20: sensitive enzymes to the electrode
interface (i.e. glucose oxidase). The ability to exploit the reduction
process as the mean of monitoring peroxide avoids inducing the
oxidation of other electroactive species present within biofluids (i.e.
ascorbate, urate, tyrosine). Such processes would otherwise
contribute to the current leading to over estimation of the peroxide
concentration (and thereby the enzyme substrate).
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