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Abstract

While glucose monitoring technology is widely available, the continued prevalence of diabetes
around the world coupled with its debilitating effects continues to grow. The significant limitations
which exist in the current technology, instils the need for materials capable of non-invasive glucose
detection. In this study a unique non-enzymatic electrochemical glucose sensor was developed,
utilising a gold honeycomb-like framework upon which sharp Co;0, needles are anchored. This
composite nanomaterial demonstrates excellent sensing performance in glucose concentrations
ranging between 20 uM and 4 mM, exceeding the range required for non-invasive glucose sensing.
In conjunction with this high sensitivity (2.014 mA-mM™.cm™), the material possesses excellent
selectivity towards glucose for commonly interfering physiological species such as uric acid and
ascorbic acid. Glucose detection in synthetic saliva was then performed showing excellent capability
in the low concentration range (20 uM to 1 mM) for non-invasive sensing performance. Further tests
showed good selectivity of the sensor in physiological contaminants commonly found in saliva such

as cortisol and dopamine. This development provides excellent scope to create next-generation non-
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invasive diabetes monitoring platforms, with excellent performance when detecting low glucose

concentrations in complex solutions such as saliva.

Keywords: Glucose biosensor; electrochemical detection; saliva; non-invasive; porous gold; cobalt

oxide

1. Introduction

Diabetes continues to grow as a major global health challenge with 422 million adults currently
afflicted with this disease, with indicators pointing to this figure doubling by the year 2030 (Barry et
al. 2017). In the United States alone, the estimated cost of diabetes in 2017 was $327 billion
(Association 2018), highlighting the scale of the problem and the need for improved detection and
treatment options. Whilst methods to monitor glucose concentrations are currently in widespread
use, these detection methods are predominantly centred around blood-based detection which are
non-user friendly as they involve frequent invasive and painful sampling procedures. Due to these
pitfalls there is great demand for technology which will support non-invasive glucose detection for
diabetes monitoring (Bandodkar and Wang 2014). Alternative strategies to detect glucose include
monitoring urine (0-0.8 mM glucose, enzymatic method)(Lankelma et al. 2012), saliva (0.03-
0.08 mM glucose, non-enzymatic methods)(Raymundo-Pereira et al. 2016; Ye et al. 2013), sweat
(0.02-0.6 mM glucose, non-enzymatic method) (Anderson et al. 2017; Moyer et al. 2012), tears (0.1-
0.6 mM glucose, enzymatic methods)(Kownacka et al. 2018; Yao et al. 2011) or breath (0.4-4 mM
glucose, enzymatic method)(Roberts et al. 2012) based samples. The glucose concentrations for
these alternative modes of detection are much lower than concentrations in blood (4.4-6.6 mM
glucose)(Wang 2008) meaning effective sensors for these non-invasive modes of analysis require a
high degree of sensitivity. Moreover, their applicability is underpinned by their stability as well as
their ability to selectively detect glucose in the presence of physiological contaminants such as
ascorbic acid (AA) and uric acid (UA). These contaminants tend to disrupt the performance of

chemical sensing results (Cheng et al. 2010; Zhang et al. 2011) by capping the active sites of
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electrode surfaces. While enzymatic glucose sensors have been investigated, they pose many issues
such as poor stability, low reproducibility and limitations due to the need for an oxygen source
(Wang et al. 2013; Zhu et al. 2016). Non-enzymatic glucose sensors are therefore an attractive
option to overcome these issues, allowing for increased selectivity through low onset potentials,
higher sensitivities and improved stability due to the use of inorganic components in comparison to
their biological counterparts (Toghill and Compton 2010). Of the current non-enzymatic materials
showing promise for glucose detection, Au has attracted much attention due to its high sensitivity
but more specifically its excellent selectivity (Chakraborty et al. 2019). This excellent selectivity is
attributed to its increased surface area-volume ratio, low applied onset potentials, control of
structure fabrication for the nanostructures shape, size or porosity and active site density (Boisselier
and Astruc 2009; Coyle et al. 2016). Extending upon the properties of a mono-metallic structure, the
addition of a metal oxide has also shown much success in non-enzymatic glucose sensing (Ding et al.
2010; Tong et al. 2012; Wang et al. 2009). Co;0, in particular has excellent biocompatibility, high
electrocatalytic activity and adsorption capacity for glucose making it very appealing to sensing
fabrications (Kimmel et al. 2011; Solanki et al. 2011). Although Cos0, shows great promise, its poor
electronic conductivity limits its success to display high sensitivity, reliability and rapid response
times (Ding et al. 2010; Solanki et al. 2011). A proposed method to combat these issues is to mould
the Co30,4 to an Au scaffold structure allowing for the positive features of each material (Lang et al.
2013) to take prominence and reduce the effects of their pitfalls. The synergistic effect of the two
present materials will allow for the lower sensitivities of Au and the poor selectivity of Co;0, to no
longer be an issue (Lay et al. 2017). In this work the fabrication of a composite nanostructure is
investigated, bringing together Au and Cos;0,. Through the adoption of a synthesis procedure which
has been previously shown to create highly porous nanomaterials, a gold scaffold is synthesised
which can then be modified with Co;0, in a facile manner. The potential for the use of this unique
nanomaterial in non-invasive glucose sensing is then investigated using a chronoamperometric

protocol.
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2. Experimental

All chemicals used in this work were purchased from Sigma-Aldrich and used as received. Au films
were prepared using an e-beam evaporation method utilizing an adhesion layer of 150 nm Ti,
followed by a 150 nm layer of Au on a Si wafer. The Si/Ti/Au wafers were then diced into 8 mm x
18 mm substrates and masked with Kapton tape to reveal an exposed region of 0.238 cm? (diameter

of 5.5 mm).
2.1 Synthesis of Au honeycomb

Electrochemistry experiments were performed using a CH instrument (CHI760C) workstation with an
attached amp booster (model 680). The developed substrate, a graphite rod and Ag/AgCl 3 M KCl
(+0.197 V vs SHE) probe were used as the working, counter and reference electrodes, respectively.
Electrodeposition of the hydrogen bubble templated Au was performed at -4V for 300s, in a
solution of 10 mM HAuCl, and 2 M H,SO,, in accordance with our previous studies (Scheme 1A and

1B)(Coyle et al. 2016; Plowman et al. 2011; Plowman et al. 2010).
2.2 Synthesis of Au honeycomb/Co;0, needles

Hydrothermal synthesis of cobalt hydroxide on the honeycomb-like gold surface was obtained by
placing CoCl,-6H,0 (5, 10, 25, 50 and 100 mM) and urea (60 mg) into a 6 mL capacity Teflon-lined
stainless steel autoclave (Dong et al. 2012). The electrodeposited substrate was then placed into the
solution standing with a 45° tilt facing the autoclave wall. The autoclave was then sealed and placed
into an oven at 100 °C for 5 hrs. The plain Au and modified cobalt hydroxide samples were then
washed with Milli-Q water, dried under N, gas and annealed in air at 450 °C for 2 hrs for the

conversion of cobalt hydroxide to cobalt oxide (Scheme 1C and 1D).
2.3 Characterization

Scanning electron microscopy (SEM) was used to analyse the surface morphology by comparing the

needle growth for each concentration of Co3;0,. SEM was performed using an FEl Verios 460L
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equipped with an Oxford Instruments XMax"20 energy dispersive x-ray spectroscopy (EDX) detector.
SEM imaging was performed using an accelerating voltage of 10 kV and EDX was performed at 15 kV.
To view the cross section of the structures, the samples were milled using a gallium ion beam
(operating at 30 kV) in an FEIl Scios Dualbeam FIB. X-ray diffraction (XRD) was performed using a
Bruker D8 Discover micro diffraction system with a general area diffraction detector system. A Cu-Ka
radiation source was used with an operating voltage of 40 kV with a current of 40mA. X-ray
photoelectron spectroscopy (XPS) was performed to determine the oxidation state of the Au, Co and
O formed on the surface, using a Thermo K-alpha XPS, (Al Ka = 1486.7 eV). The core level binding

energies (BEs) were aligned with the adventitious C 1s binding energy of 284.8 eV.
2.4 Electrochemical glucose sensing in alkaline media

Cyclic voltammetry (CV) was employed using a scan rate 20 mV-s™ in a solution of 0.5 M KOH and 10
mM glucose. Chronoamperometry was then used with a basic solution of 0.5 M KOH with glucose
additions between 20uM and 10 mM. Physiological contaminants were analysed using
chronoamperometry with individual additions of 0.1 mM of sucrose, fructose, maltose and lactose
and 0.02 mM of ascorbic acid and uric acid. Current density was calculated using the geometric

surface area value of 0.238 cm”to enable comparison with sensors reported in literature.
2.5 Electrochemical glucose sensing in synthetic saliva

CV analysis was employed using a scan rate of 50 mV-s ™ in a solution of synthetic saliva followed by
the addition of 0.06 mM glucose. The synthetic saliva was prepared according to the AFNOR NF S91-
141 standard which consists of Na,HPO, (1 mM), KH,PO, (1.5 mM), NaHCO; (18 mM), KSCN (3 mM),
NaCl (115 mM) and KCI (16 mM) (Chaisiwamongkhol et al. 2017). Chronoamperometric additions
analysis was then performed in synthetic saliva with increasing additions of glucose ranging between
0.02 mM and 1 mM. Physiological contaminants present in saliva were performed using continuous
chronoamperometric additions analysis with individual additions of 2.4 uM ascorbic acid, 1.6 uM

dopamine and uric acid (Raymundo-Pereira et al. 2016) followed by 0.22 uM of cortisol.
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3. Results and discussion

3.1 Au honeycomb/Co;0, needle characterization.

The developed hydrogen bubble templated Au honeycombs are shown in Fig. 1A displaying a highly
porous large structure which formed evenly across the surface of the substrate. Fig. 1B shows the
formation of the pores atop the surface of the substrate whilst retaining exposed areas of bare
substrate through the porous material. The fractal formations of the hydrogen bubble templated Au
which show the consistent accumulation of small Au nanostructures (~100-200 nm) are displayed in
Fig. 1C and 1D. Smooth branched formations of Au have grown upwards from the substrate allowing
for multiple active sites across the material (Coyle et al. 2017). The pure hydrogen bubble templated
Au was then coated with different concentrations of CoCl, (5, 10, 25, 50 and 100 mM) through the
hydrothermal technique mentioned above (Supplementary information S1A-F). The 5 mM surface
(Supplementary information S1B) showed minimal growth of needles over the Au structures, with
increasing concentrations of CoCl, leading to an increase in both length and spread of formations.
10 mM CoCl, (Supplementary information S1C) and upwards, caused the needle formations to
become visible at the edges of the pores. Increasing the concentration to 25 mM (Supplementary
information S1D) caused a coating of needles along the top side of the structure, with the needle
lengths increasing in length as the concentration was increased to 50 mM (Supplementary
information S1E). The 100 mM concentration (Supplementary information S1F) appears to have
completely coated the Au scaffold with obvious needle lengths increasing dramatically compared to
the lower concentrations of CoCl,. Due to the coherent nature of the Co;0, formation across the
surface of the Au scaffold, all characterization and sensing studies were then focused on the 100 mM
CoCl, sample. As is seen in Fig. 1E, the needle nanostructures have formed seamlessly across the Au
scaffold whilst the pores remained unimpeded, which can be further seen in Fig. 1F. Long, sharp,
needles are shown in Fig. 1G with Fig. 1H showing the needles are comprised of multiple
nanoparticles forming the structure. Side imaging was performed after slicing of the material using a

gallium ion beam (Fig. 2A) to see how the needles formed within the Au scaffold. Backscatter
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imaging was then performed (Fig. 2B) where the darker regions represent Cobalt formations and the
lighter regions represent Au. Analysis of high magnification images (Fig. 2C and D) showed the
growth of the needles spreading throughout the Au structure. This coating (the needle-like
structures) atop the Au commenced their growth both within the Au scaffold and along the top of
the surface. EDX mapping of the side imaging confirms the presence of both Au (Supplementary
information S2A) and Co (Supplementary information S2B) throughout the entirety of the sample, as
opposed to only coating the top surface of the Au structure. Reproducibility of the sensor surfaces
was performed by repeating the synthesis of the 100 mM CoCl, 3 times (Supplementary information
S3). From SEM images, repeated synthesis of the cobalt oxide rods across the surface is easily
obtained via both needle length and spread across the Au scaffold. Comparison of the needle
formations both pre and post annealing at 450 °C were analysed using SEM imaging (Supplementary
information S4A and S4B). The pre-annealed needles are observed to have a very smooth surface,
whereas the needles post-annealing formed stacked particles whilst maintaining a needle-like shape
(Supplementary information S4C and S4D). EDX analysis of the 100 mM CoCl, samples, presented in
Fig. 3A shows clear peaks for Au, Co and O showing they are the three prominent materials in the
sample, with calculated abundancies of Au: 44.6 wt%, Co: 23.9wt% and O: 12.2 wt%. The
appearance of Si in the EDX analysis is attributed to the Si substrate (7.4 wt%). To clarify the formed
type of Co,O, aggregate, XRD analysis (Fig. 3B) was performed to analyse the crystalline structure.
Significant peaks in the XRD patterns appear at 20 =38.4, 44.2, 64.4, 77.9 and 81.7° which are
attributed to (111), (200), (220), (311) and (222) planes of the FCC Au structure, respectively (JCPDS
card no. 04-0784). Smaller and less defined peaks appear at 26 =18.9, 31.3, 56.3 and 59.4° which
can be attributed to the (111), (220), (311), (422) and (511) planes of Cos0,, respectively (JCPDS card
no. 01-071-0816). Other peaks attributed to Co;0, have been hidden by the large amount of Au in
the sample, with overlapping possible between the (222), (400) and (440) peaks of Cos0,4 and the
(220), (311) and (222) planes of Au. From the XRD analysis all non-Au peaks are attributed to the

common Cos;0, spinel phase, describing good crystalline arrays (lbupoto et al. 2014). Further
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confirmation of the oxidation states of the Au, Co and O were performed using XPS analysis. The
survey spectra of the formed material is shown in Fig. 3C, displaying peaks for C, Au, O and Co.
Deconvolution of elemental XPS spectra for the Au (Fig. 3D), Co (Fig. 3E) and O (Fig. 3F) was used to
determine the elemental states of the materials present. The main peak at 84.0 eV is attributed to
the Au 4f;, binding energy representing the Au® core level (Casaletto et al. 2006; Daima et al. 2013;
Kabir et al. 2015; Pearson et al. 2011) with a corresponding doublet peak at 87.7 eV. The Co 2p
spectra is consistent with previous studies comparing results obtained for different phases of cobalt
species such as Co(OH),, CoO and Co metal (Biesinger et al. 2011). Two main peaks lying at 780.3 and
795.4 eV represent the Co 2p;/, and Co 2p,/, spin-orbital lines, respectively (Liu et al. 2014; Mei et al.
2012). Upon deconvolution of the Co 2p;/, peak it becomes apparent that both Co(ll) and Co(lll)
oxidation states are present which is consistent with Co;0,. The assurance of cobalt oxide (Co;0,) is
further deduced from the presence of two satellite peaks (789.9 and 795.4 ev) with low intensity
which have shifted to a higher binding energy, agreeing well with previous reports (Yang et al. 2010).
The peak at 529.9 eV in the oxygen spectra is denoted as the O 1s peak (Nohira et al. 2002) with a

satellite peak at 531.5 eV due to possible hydroxides remaining on the surface after annealing.
3.2 Au honeycomb/Co;0, needle electrochemical sensing

To analyse the applicability and on-set potential of the synthesised Au/Co3;0, sensor for glucose
sensing, cyclic voltammetry (CV) and chronoamperometry techniques were used. These techniques
allowed for the analysis of both the surface affinity, thus rate of reaction towards glucose (e.g.
sensitivity) and selectivity in the presence of common physiological contaminants. CV analysis was
performed at a scan rate of 20 mV-s” to examine the oxidation and reduction reactions the
Au/Co50, undergoes in the presence of 10 mM glucose (Fig. 4A). For the continued studies 20 mV-s™
was chosen as the applied scan rate due to sweep rate analysis varying between 10 and 500 mV-s™
(Supplementary information S5) for optimal performance. From the sweep rate analysis, the

increase in anodic peak height along with a shift in the peak potential as the scan rate increased was

observed. The linearity of the peak increase indicates the redox process of a diffusion-controlled
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mechanism (Bertoncello and Ugo 2003). This phenomenon proves the interaction between KOH,
glucose and the Au/Cos0, occurs at the electrode surface whilst maintaining electrode
electroneutrality (Teixeira et al. 2004a; Teixeira et al. 2004b). From CV analysis at 20 mV-s™, two
large peaks were observed at +0.25 V in the forward scan and +0.1 V in the reverse scan. The large
sharp peaks at each of these points along the CV curve display a combinatory electroactivity
between the Au and Co;0, species in the modified Au/Cos0, surface (Lang et al. 2013). The broad
oxidation peak at +0.25 V can be attributed to the formation of gluconolactone with the conversion
of Co30,4 to CoO, due to the reactions of glucose + AuOH and glucose + Co;0, (Ding et al. 2010). As
the potential increased above +0.3 V the formation of Au,0; caused a reduction of AuOH present on
the surface impeding the oxidation of glucose (Han et al. 2014). In the reverse scan the reduction of
Au,0; formed large amounts of AuOH and formate (Aoun et al. 2004) which allowed for a large
number of active sites to be regenerated on the electrode surface. This occurrence makes way for
more glucose molecules to react with the surface thus producing excellent electroactivity. The
Au/Co30, forms a much larger anodic current for the negative scan due to the diffusion effect by the
junction of Au and Co;0,. As the oxide is stripped in the reverse scan, more glucose is present near
the electrode surface which in turn produces a much larger enhancing the electrocatalytic activity of
the sensor (Chen et al. 2010). The individual reactions are discussed below. The Au component of
the surface undergoes electrosorption of glucose at low potentials which ignites the accumulation of
contaminant intermediates on the electrode surface blocking the active surface sites. The formation
of AuOH occurs as the potentials begin to increase which is due to the partial discharge of OH" ions.
This discharge of ions is able to catalyse glucose, forming the absorbed intermediate gluconolactone
which then allows for the oxidation of Au to form AuO. This AuO formation can inhibit the
electrooxidation of glucose however a further step occurs, which consists of Au being regenerated
due to the AuO converting back to Au(OH) as the potentials are reduced (Ding et al. 2011). The

overall reaction is described in Egn. (1) (Han et al. 2014).
glucose + AuOH - gluconolactone +Au (1)
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In alkaline solutions Au forms AuOH due to the reaction between OH ions in the basic electrolyte
and the Au’ ions on the surface structure (Coyle et al. 2017). A reversible transition between Co;0,
and CoOOH occurs on the surface in the presence of glucose which is represented by Eqn. (2) (Ding
et al. 2010). Due to the shift in potential to the negative, a secondary reaction took place converting
CoOOH to CoO, on the surface which is expressed by Eqn. (3) (Ramasamy et al. 2015) with the

overall mechanism described in Eqn. (4) (Ding et al. 2010).

C03;0, + OH + H,0 = 3CoO0H + e (2)
CoOOH + OH = Co0, +H,0 + € (3)
2C00; + glucose > 2CoOO0H + gluconolactone (4)

Similarly Cos0, structures have been studied in the presence of glucose however due to the lack of
Au in the structure, the glucose oxidation peak occurs at a much higher on-set potential (~0.5) (Ding
et al. 2010; Kung et al. 2011) effecting the selectivity of the sensor. This desired mechanism is best
observed through an alkaline electrolyte such as the KOH used in these studies, where a
concentration of 0.5 M was chosen in this study as blood is slightly alkaline. As the CV peak at +0.1 V
shows a high electrocatalytic activity towards glucose, chronoamperometry was performed at this
onset potential to analyse its sensing capabilities in the presence of glucose. Fig. 4B shows the
additions analysis of the Au/Cos0, sensor in the presence of 0.5 M KOH with a large range of glucose
concentrations (20 uM and 10 mM). The chronoamperometric additions analysis is further
evidenced by the multiple linear regression lines (Supplementary information S6) showing two
distinct linear ranges for the Au/Cos0, sensor. To detail the linear regions more specifically two
linear regression regions were found for the sensor giving two separate sensitivities depending on
the glucose concentration. Ranging between 20 uM and 100 uM (Supplementary information S6A) a
very large, sharp peak was observed equating to a calculated sensitivity of 2.014 mA-mM™*-cm™. A
secondary linear region ranging between 2 mM and 10 mM (Supplementary information S6B) had a

calculated sensitivity of 0.011 mA-mM™.cm?, which corresponds to the blood glucose monitoring
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range of 3-8 mM. An experimental detection limit (Supplementary information S7) of 20 uM was
observed from the initial addition of glucose to the 0.5 M KOH solution, showing the effectiveness of
the sensing capabilities of the surface in the presence of very low glucose concentrations. This
detection limit is much lower than common commercially available glucose sensors of recent times
(~2.2mM) (Lee et al. 2019). Comparatively Au honeycomb was also analysed with
chronoamperometric additions analysis (Fig. 4C) showing a much lower electroactivity in the
presence of glucose. A large increase in current response between the plain Au (0.146 mA-cm™) and
the Au/Co3;0, composite material (0.348 mA-cm™) is observed by a factor of 2.39 showing the
addition of Co30, to the surface of the Au more than doubled the glucose sensitivity. Uninterrupted
chronoamperometric analysis was then performed for selectivity analysis in the presence of
common physiological contaminants (Fig. 4D). The contaminants analysed were ascorbic acid,
sucrose, fructose, maltose, lactose and uric acid. Little to no electrochemical signal was produced
with each addition to the 0.5 M KOH solution showing the sensor is specifically catered to glucose
concentrations. A subsequent glucose addition of 10 mM was introduced to the contaminants
solutions showing a large current response. Due to the presence of Au in the material the on-set
potential, where glucose electrooxidation is at its maximum, has been reduced to +0.1V. Metal
oxides tend to display a glucose peak with a much higher on-set potential, where common
physiological contaminants display higher current responses with larger on-set potentials which can
severely affect the sensors response capabilities towards glucose (Lang et al. 2013). This confirms
excellent selectivity towards glucose with the further conclusion that the presence of common
physiological sugars and acids do not affect the sensors performance. Repeatability analysis
(Supplementary information S8) was then performed on the sensor with 5 consecutive cycles in the
presence of 10 mM glucose with a slight reduction in output performance to 91%, thus showing

excellent sensing performance over multiple cycles.

3.3 Au honeycomb/Co;0, needle sensing in synthetic saliva
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Due to the low concentration range of glucose in saliva (0.03-0.08 mM) and the very high sensitivity
of the developed sensor within this glucose concentration range (2.014 mA-mM™.cm?),
electroanalytical testing was extended to the detection of glucose in synthetic saliva. To explore this
system, CV analysis was performed in the presence (80 uM) and absence of glucose (Fig. 5A) in
synthetic saliva. A singular peak is formed through the oxidation of glucose ranging between +0.015
and +0.25V with a peak maximum at +0.15 V. Based on the similar peak position in Fig. 4A, the
onset potential for chronoamperometric analysis was fixed at +0.1 V. The use of +0.1V remains
consistent with our previous studies for glucose detection in the human range for blood. The
chronoamperometric additions analysis (Fig. 5B) was then performed in synthetic saliva with
increasing concentrations of glucose ranging between 20 uM and 1 mM (similar to common glucose
concentrations in saliva) (Ye et al. 2013). The calibration curve of the additions analysis
(Supplementary information S9) showed an overall sensitivity of 0.0235 mA-mM™.cm? with an R®
value of 0.98. Increasing current responses with incremental additions showed a good sensitivity for
the low concentration range. This sensitivity demonstrates the sensor's capability to detect glucose
in the synthetic saliva, showing great promise for the non-invasive detection of physiological glucose
levels. Long term stability of the sensor was performed in synthetic saliva with glucose
(Supplementary information S10) showing the current response of the sensor reducing slowly over
time. The current response reduction is due to the saturation of the sensors surface due to glucose,
therefore impeding the current response of the sensor over extended periods of time. Contaminants
analysis was performed on the sensor (Supplementary information S11) with the additions of 2.4 uM
ascorbic acid, 1.6 uM uric acid, 1.6 uM dopamine and 0.22 uM cortisol (Campos et al. 2018) followed
by 100 uM glucose. Fig. 5C displays the current response in the form of a bar graph for each addition
after a stability time of 120 s was reached. From these additions ascorbic acid showed a very small
response magnitude of 0.185pA-cm™ (1.3% of glucose response), with uric acid showing
0.471 pA-cm™ (3.3% vs glucose response). Dopamine showed a miniscule decrease in current

response to 0.455 pA-cm™ (3.2% of glucose response) while cortisol showed the largest effect to the
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current response, increasing to 1.384 pA-cm™ (9.7% of glucose response). Overall the effect of each
contaminant was in the acceptable range (£10%) as the current response after the addition of
100 puM glucose was 9.98 pA-cm™, within a similar range to our previous glucose response analysis.
The results indicate that the sensor is not only selective in KOH medium but also in synthetic saliva
thus making it feasible to be used for non-invasive diagnostic applications. To test the real-life
application and repeatability of the sensor, 5 unknown solutions of glucose (within the
concentration range of 20-80 uM) were tested. Initially a calibration curve was formed using the
120 s response current for each glucose addition from the additions analysis (Supplementary
information S9). Using this calibration curve and the current response for the unknown additions,
data points were added to the graph and analysed for their percentage change compared to the
calibration line (Fig. 5D). In analysing the change in concentration between the ‘unknown’ solution
and the calibration curve concentration (Supporting information Table S3), an average percentage
change of 9.7% with the variance of results ranging between a percentage range of 7.8 and 13.3%.
The unknown solutions analysis and excellent selectivity in the presence of common physiological
contaminants in both blood and saliva shows very promising capabilities for glucose biosensor which

can be used for non-invasive diagnosis applications.

4. Conclusions

In this study we have presented an easily synthesised porous Au structure with Cos;0,
needles cohesively and seamless coating the Au surface whilst retaining its porosity and
macro-structure. XRD and XPS analysis showed the clear representation of Au and Cos;0, on
the surface, with the combination of the two components observed in cyclic voltammetry
analysis in the presence of glucose. Excellent electrochemical sensing performance of the
structure was observed in the present of glucose with a calculated sensitivity of 2.014
mA-mM™-.cm? within the range of 0-0.1 mM and 0.011 mA-mM™-cm™ within 2-10 mM glucose. A

very low experimental detection limit of 20 uM makes this sensor very attractive for
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applications involving saliva, sweat and tear based electrochemical glucose sensors. Little or
no cross-interference was observed in the presence of common physiological contaminants
such as AA and UA and common biological sugars. Further to this, glucose detection in
synthetic saliva showed excellent calculated sensitivity of 0.0235 mA-mM™.cm™ with minimal
effect by interfering species commonly found in saliva such as cortisol and dopamine. These
results showed that the fabricated sensor is highly capable for non-invasive diagnostic

applications.
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Schematic caption:

Scheme 1 Schematic (representing low (left) and high (right) magnifications) of Au lattice
formation (A) and (B) with the growth of cobalt hydroxide (C) followed by the conversion to cobalt

oxide (D).

Figure captions:

Fig. 1. SEM images (false colour) of Au honeycomb (left panel) and Au honeycomb coated with 100
mM CoCl, (right panel) at different magnifications (A and E) 200 um, (B and F) 50 um, (C and G) 10

pm and (D and H) 500 nm

Fig. 2. (A) Low magnification side-imaging of the 100 mM sample after laser cutting followed by (B)
higher magnification backscatter imaging; (C) High magnification backscatter imaging of the top and

(D) bottom portions of the lattice.

Fig. 3. Characterization of Au needles with 100 mM CoCl, (A) EDX spectral analysis, (B) XRD analysis

(C) XPS survey spectra (D) XPS analysis of gold (E) XPS spectra of cobalt and (F) XPS spectra of oxygen
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Fig. 4. (A) CV analysis of Au (black), Au honeycomb (red) and Au/Cos;0, (blue) in 0.5 M KOH and
10 mM glucose (B) chronoamperometric analysis of Au/Co;0, with additions of glucose ranging
between 20 uM and 10 mM (C) comparison graphs of chronoamperometric additions analysis for Au
honeycomb (red) and Au/Co3;0, and (D) chronoamperometric additions analysis of Au/Cos0, in the

presence of common physiological contaminants

Fig. 5. (A) CV analysis of Au/Co;0, in synthetic saliva with (blue) and without (red) 80 uM glucose. (B)
Chronoamperometric analysis of Au/Co;0, in the presence of synthetic saliva with 20 uM and 1 mM
glucose. (C) Current density response for physiological contaminants in the presence of synthetic
saliva and (D) Calibration curve (red) of current density vs concentration for glucose additions in the

presence of synthetic saliva with 5 additions of unknown glucose concentrations (blue).
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Scheme. 1.
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Fig. 2.
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Fig. 3.
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Fig. 4.
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Fig. 5.
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Highlights

* A novel uniform composite was synthesized composingu nanostructured honeycomb
coated with an even layer of €& nanoneedles.

« A low detection range (20-100 pM) with a very higgmsitivity (2013.6 pA-miMcni®) was
achieved for glucose detection.

» Selectivity towards glucose against common physickl contaminants was shown in both
alkaline media for blood detection and synthetlivador non-invasive detection.

» Sensitive and selective electrochemical glucosé/sisaat a low concentration range presents

the opportunity for non-invasive diagnostic appiimas.
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