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ABSTRACT

Nanostructured materials have great potential as platforms for analytical assays and catalytic
reactions. Herein, we report the synthesis of electrocatalytically active cobalt phosphate
nanostructures (CPNs) using a simple, low-cost, and scalable preparation method. The
electrocatalytic properties of the CPNs toward the electrooxidation of glucose (Glu) were
studied by cyclic voltammetry and chronoamperometry in relevant biological electrolytes,
such as phosphate-buffered saline (PBS), at physiological pH (7.4). Using the CPNs, Glu
detection could be achieved over a wide range of biologically relevant concentrations, from 1
to 30 mM Glu in PBS, with a sensitivity of 7.90 nA/mM cm? and a limit of detection of 0.3
mM, thus fulfilling the necessary requirements for human blood Glu detection. In addition,
the CPNs showed a high structural and functional stability over time at physiological pH. The
CPN-coated electrodes could also be used for Glu detection in the presence of interfering
agents (e.g., ascorbic acid and dopamine) and in human serum. Density functional theory
calculations were performed to evaluate the interaction of Glu with different faceted cobalt
phosphate surfaces; the results revealed that specific surface presentations of under-
coordinated cobalt led to the strongest interaction with Glu, suggesting that enhanced
detection of Glu by the CPNs can be achieved by lowering the surface coordination of cobalt.
Our results highlight the potential use of phosphate-based nanostructures as catalysts for

electrochemical sensing of biochemical analytes.
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INTRODUCTION

Nanostructured materials with highly accessible surface areas and exposed facets have
proven useful in applications spanning catalysis,! sensing,”> and energy storage.> These
materials are typically fabricated using inorganic nanoparticles,* nanowires,> and nanosheets,®
which allows the surface structure and functionality of the resulting materials to be tailored.”
However, harsh conditions are typically employed for the synthesis, involving multiple steps,
toxic reagents, and extremes in pH and temperature. The development of new synthetic
strategies for engineering nanostructured surfaces under mild conditions, and with enhanced
catalytic properties, is therefore desirable.

Recently, the synthesis of hybrid organic-inorganic nanostructured materials, such as
nanoflowers, was reported under moderate synthetic conditions.® Briefly, a metal salt (e.g.,
composed of copper, calcium, or manganese ions) is dissolved in phosphate-buffered saline
(PBS) in the presence of macromolecules. The functional groups of the macromolecules
provide sites for the nucleation and subsequent growth of metal phosphate crystals, leading to
the formation of nanostructured phosphate-based microparticles with a high surface-to-
volume ratio. These highly structured materials have primarily been used for the
immobilization of enzymes that ultimately achieve superior enzymatic performances.?!!
Similar phosphate-based materials have also been synthesized, however, in the absence of
organic motifs, that is without macromolecules.!>!3 Materials that display accessible surface
areas,'# high index facets,'® and sharp edges,'® and are composed of transition metals,'”-1° are

potentially useful in the field of electrocatalysis for sensing biochemical analytes.?’ Notably,
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materials containing electroactive cobalt metal ions based on phosphates,'? phosphides,?° nitrites?!
and oxides!® have recently shown promise for their use in electrochemical applications such as
water splitting,? energy storage,!3 and sensing.??

Particularly, the development of accurate, inexpensive, and stable glucose (Glu) detection
devices is an expanding field where the key goal is to reduce costs associated with the
measurements, ultimately leading to increased patient compliance for patients diagnosed with
metabolic diseases such as diabetes. A variety of methods have been developed for Glu sensing
and include processes based on enzymatic reactions,?*2® Glu-specific conjugation chemistry,?’
supramolecular recognition,?® and direct electrochemical oxidation.?®** Commercial methods
used for blood Glu level detection involve enzymatic sensors. However, these enzymatic
sensors have drawbacks in terms of material cost,3! measurement variability with temperature,
pH, humidity, and interfering chemical species, and enzyme stability.3? These disadvantages
have thus generated interest in developing non-enzymatic Glu sensors. Examples of non-
enzymatic systems developed to date are based on noble metals,333 alloys,® transition
metals,?% and hybrid organic-inorganic structures comprising carbon nanotubes®’ and
graphene.?® However, despite these recent developments, several problems remain to be
addressed relative to the high cost of the component materials, the complexity of the
fabrication method, the specificity of the sensor to the analyte, and the limit and range of
detection. Importantly, the poor performance of existing sensors in detecting Glu at near
biological conditions, such as in an aqueous buffer at physiological pH, has limited the use of

non-enzymatic Glu sensing systems in real-life applications.?33%-43
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Herein, we develop a low-cost and scalable one-pot approach to fabricate electrocatalytically
active cobalt phosphate nanostructures (CPNs) under mild synthetic conditions. The CPNs are
amorphous, exhibit high surface areas, and can catalyze the electrooxidation of Glu in aqueous
buffer at physiological pH. Upon coating an electrode with the CPNs, the electrooxidation of
Glu can be quantified as a function of Glu concentration—the CPN-coated electrode can
achieve a wide range of detection between 1 and 30 mM Glu in aqueous buffer (PBS), with a
sensitivity of 7.90 nA/mM cm? at 5mM of Glu based on electroactive surface area (ESA) and a
limit of detection (LOD) of 0.3 mM (signal-to-noise ratio (S/N) = 3). In addition, the CPN-
coated electrode exhibits high stability with time and can detect Glu in the presence of
common interfering agents (ascorbic acid and dopamine) and in human serum (HS). Density
functional theory (DFT) calculations were performed to investigate the interaction between
Glu and the surface of the CPN sensor. The results show that the interaction of the CPNs with
Glu is due to the presentation of under-coordinated cobalt atoms at the interface of the CPN
material. Our results highlight the potential use of the CPNs for the electrochemical detection
of biochemical analytes.

EXPERIMENTAL METHODS

Reagents and Chemicals. Cobalt(II) nitrate hexahydrate (Co(NOs),'6H,0, >97%, CAS no.
10026-22-9) was purchased from Baker. PBS tablets, Nafion® 117 (CAS no. 31175-20-9),
cobalt(Il) phosphate hydrate (Co3(PO4)yxH,O, CAS mno. 10294-50-5), potassium
ferricyanide(III) (K3Fe(CN)g, CAS no. 13746-66-2), and HS from human male AB plasma were

purchased from Sigma-Aldrich. D-Glucose (CAS no. 50-99-7) was purchased from AnalR.
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Potassium chloride (KCI, CAS no. 7440-09-7) was purchased from Chem-Supply. All the
chemicals were used as received. High purity (Milli-Q) water with a resistivity of 18.2 MQ cm
was obtained from an inline Millipore RiOs/Origin water purification system.
Instrumentation. X-ray photoelectron spectroscopy (XPS) spectra were acquired using an
Axis Ultra X-ray photoelectron spectrometer (Kratos Analytical, UK), equipped with a 165 mm
concentric hemispherical electron energy analyzer and a monochromated Al Ko incident X-
ray source (1486.6 eV). Survey (wide) scans were recorded in the binding energy range of 0-
1200 eV, with 1.0 eV steps, a dwell time of 100 ms, and an analyzer pass energy of 160 eV.
Multiplex (narrow) high-resolution spectra were recorded with a pass energy of 20 eV, with
0.05 eV steps, and a dwell time of 250 ms, resulting in an energy resolution (A£/E) of 300
meV. The base pressure in the analysis chamber during data collection was 1-2 x 10~ mbar,
and these data were processed using the software CasaXPS. All binding energies were
calibrated using the C 1s level of adventitious carbon at 285.0 eV. Fourier transform infrared
(FTIR) spectra were obtained on a Tensor II (Bruker) attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectrometer and analyzed using the software OPUS 7.8. The
number of scans was 64. A minimum resolution of 4 cm™! and the absorbance/transmittance
mode were used. Scanning electron microscopy (SEM) images were obtained on a Teneo
VolumeScope (FEI) microscope. Transmission electron microscopy (TEM) was conducted on
a Tecnai Spirit (FEI) microscope operating at 120 kV. Energy-dispersive X-ray spectroscopy
(EDX) was performed on a 20 mm? X-Max SDD instrument (Oxford Instruments) equipped

with the software AZtec 3.2. X-ray diffraction (XRD) data were collected using a D8 Advance

ACS Paragon Plus Environment

Page 8 of 39



Page 9 of 39

oNOYTULT D WN =

ACS Applied Materials & Interfaces

X-ray diffractometer (Bruker) with Ni-filtered Cu ka radiation (1.54 A). Data were collected
between 5 and 85° 26, with a step size of 0.02° and a scan rate of 1.0 s per step. An anti-scatter
blade was used to reduce the diffracted background intensity at low angles. An incident beam
divergence of 1.0° was used with a 2.5° soller slit in the diffracted beam. The sample was spun
at 15 revolutions per minute. Generally, unless otherwise specified, the data from the
characterizations were exported to the software OriginPro 8.5 for further analysis.

Synthesis of Cobalt Phosphate Nanostructures. An aqueous Co(NOs),"6H,0 solution (100 L,
1.2 M) was added to PBS (20 mL, 1 mM, pH 7.4) in a 50 mL tube with simultaneous vortexing,
which was continued for 5 s after addition, followed by static aging at 23 °C overnight. For the
scale-up of the synthesis, an aqueous Co(NOs3),"6H,0 solution (10 mL, 1.2 M) was added to
PBS (2L, 1 mM, pH 7.4) in a 2 L glass beaker with vigorous stirring, which was continued for
5 s after addition, followed by static aging at 23 °C overnight. The precipitate was then
collected, washed 5 times by centrifugation (67 g, 5 min) and resuspension in water, and finally
resuspended in water (40 mL) and stored at 4 °C for further characterizations. SEM and TEM
samples were prepared by drop casting the aqueous suspension on a silicon wafer and a carbon
grid, respectively, followed by drying in air. XPS, XRD, and FTIR samples were prepared by
drying the aqueous suspension in a vacuum desiccator prior to analysis.

Electrode Preparation. A glassy carbon electrode (GCE, 3 mm in diameter) was first polished
with a 0.05 pm alumina slurry. The polished GCE was then rinsed with water and ethanol, and
allowed to dry in air. A CPN suspension (10 mg/mL) in 10% (v/v) Nafion in ethanol was

prepared and vortexed to obtain a homogeneous suspension. On the center of the GCE, the
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prepared suspension (10 uL) was drop cast and allowed to dry in air. Similarly, a screen-printed
electrode (SPE, 3 mm in diameter) was modified by drop casting a 10 mg/mL CPN suspension
(10 pL) in 10% (v/v) Nafion in water and allowed to dry in air. A total mass of 0.1 mg of CPNs
was deposited on the GCE or SPE to achieve complete surface coverage of the working
electrode. A bare GCE electrode for control measurements was prepared following the
aforementioned procedure without the use of CPNs, thereby resulting in an electrode coated
with Nafion only. For comparison, GCE was also modified with Co3(PO,); powder following
the aforementioned protocol. Graphite SPE chips that were produced from the Laboratory of
Biosensors & Nanomachines at the University of Rome, Tor Vergata were used. Briefly, the
electrodes were printed using a 245 DEK (Weymouth, UK) screen-printing machine and
graphite-based (Loctite edag PF-407A) and silver-based (Loctite edag PF-410) conductive inks
and a grey dielectric paste insulating ink. The inks were printed on a polyester flexible film
(Autostat HT5). Each graphite SPE chip contained three separate printed portions that served
as the working (carbon-based ink), the reference (silver-based ink), and the counter electrode
(carbon-based ink). The diameter of the working electrode was 3 mm, which resulted in an
apparent geometric area of 7.07 mm?.

Electrochemical Measurements. Cyclic voltammetry (CV) and chronoamperometry (CA)
measurements were performed on a MM510 potentiostat/galvanostat (Materials Mates Italia
S.r.l.) using the software VoltaScope 5.4. Electrochemical measurements involving the GCE
were conducted in a three-electrode electrochemical cell composed of a glassy carbon working

electrode (3 mm diameter), a platinum wire as the counter electrode, and a Ag/AgCl reference

10
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electrode. Electrochemical measurements involving the screen-printed electrode, SPE, were
performed on the screen-printed electrode described above. The supporting electrolyte, unless
specified otherwise, was a Ny-saturated 10 mM PBS solution (pH 7.4) that was thoroughly
mixed by a magnetic stirrer. The pH of the electrolyte was adjusted, when needed, with 1 M
NaOH solution.

Computational Details. The X-ray crystal structure** of Coz(POy), was obtained based on the
most likely cobalt phosphate stoichiometry determined from the XRD pattern of the CPNs and
cleaved to form the (100), (111), and (211) surfaces. For the (111) and (211) surfaces, oxygen
positions were adjusted to preserve the tetrahedral phosphate geometry. Each slab consisted
of two layers, with x x y dimensions of 16.72 x 8.79, 9.77 x 12.13, and 17.47 x 12.13 A2 for the
(100), (111), and (211) surfaces, respectively. Increasing the number of layers or replicating the
unit cell in the xor ydimension did not affect the Glu binding energies significantly. A vacuum
spacer of at least 20 A in the z-direction was added, and the model surfaces were subsequently
relaxed, generating surface structures corresponding to different possibilities of surface cobalt
coordination. Following surface relaxation, the geometry of the bottom layer of the slabs was
frozen for the surface-Glu binding energy calculations. For the free Glu structural
optimization, a single Glu molecule was placed in the center of a 20 x 20 x 20 A3 box, and only
the gamma point was sampled. For the adsorption calculations, a variety of initial orientations
of Glu on the relaxed surfaces were constructed, with an O1(Glu)—cobalt initial distance of
~2.5 A. All calculations were performed using the Vienna Ab Initio Simulation Package

(VASP)® and the generalized gradient approximation (GGA) Perdew—Burke-Ernzerhof

11
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(PBE)#6 exchange correlation functional. The projector augmented wave (PAW) method*” was
used with the Blochl all-electron, frozen-core PAW pseudopotentials.®® A 5 x 5 x 1 Monkhorst-
Pack® k-point mesh for sampling the Brillouin zone and a cutoff energy of 500 eV were
applied, and spin polarization was included. A dipole correction was applied to minimize
polarization effects due to slab asymmetry. The Hubbard U parameter (GGA + 0)*° for the
electron correlation of the d states in cobalt ions was used with a value of 3.5 eV A
convergence criterion of 0.01 eV/A was employed for the geometry optimizations.

RESULT AND DISCUSSION

Preparation and Characterization of CPNs. The CPNs were synthesized using a one-pot
crystallization method in water at neutral pH and at 23 °C. Briefly, Co(NOs3),"6H,0 solution
was added to PBS with mixing for 5 s. The resulting solution was then allowed to age statically
overnight (Figure 1a). After ca. 30 min following the addition of Co(NOs3),:6H,0, the solution
turned from a transparent pale red to an opaque dispersion. After aging overnight, a dark
purple precipitate had formed at the bottom of the flask leaving an almost transparent
supernatant. These observations suggest that the Co?* ions are involved in the formation of the
solid precipitate. The morphology of the precipitate was characterized by SEM and TEM. The
SEM images in Figure 1b,c reveal the open flower-like network of the CPNs. The flower-like
structures were about 3 ym in diameter and were composed of smaller sub-unit nanosheets
that had a thickness of about 20 nm and a width of about 100 nm. The TEM images in Figure
1d,e indicated that the distribution of the nanosheets was denser at the core than in the outer

layer of the particles. The spatially organized length of the network spans from the nano- to

12
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the microscale, providing both exposed facets and a high surface-to-volume ratio. In contrast,
Co3(POy), powder is composed of aggregates of sheets with thickness and lateral dimensions
of around 400 nm and 4 pm, respectively (Figure S1). These dimensions are significantly larger
than the dimensions of the prepared CPNs.

The EDX and XPS analyses of the CPNs, shown in Figure 1f-i, reveal the presence of the
elements Co, P, and O in the sample. In addition, EDX analysis indicates a bulk Co/P ratio of
1:0.4 (Figure S2), whereas the XPS analysis shows a surface Co/P ratio of 1:6 (Figure S3). The
surface composition determined from XPS data of the Co and P 2p levels was accounted
considering the sensitivity factors. Hence, we conclude that the composition of the CPNs is
nonhomogeneous.

The XPS survey spectrum in Figure S3 shows the presence of a prominent O 1s peak and
characteristic core-level peaks of Co and P. The Co 2p XPS spectra (Figure 1g) displayed Co
2p3; and Co 2p;;, peaks, with each peak consisting of contributions from Co?* and Co?*
respectively observed at 780.6 and 782.6 eV for the Co 2p3,; peak and at 796.5 and 789.3 eV
for the Co 2p;/; peak. In addition, two broad satellite (Sat.) features were observed at 780.6 and
782.6 eV. The intensity of the satellite features appears to be enhanced indicating a
contribution from the presence of Co(OH), and phosphate species on the surface.>? As shown
in Figure 1h, two peaks, P 2p3,, and P 2p;/, were also present in the P 2p region at 132.3 and
133.2 eV, respectively. These peaks are consistent with the characteristic binding energies of
tetrahedral (PO,) groups.”® The O 1s peak could be resolved into three components, with the

main core-level oxygen line at 530.5 eV and two satellites at 532.0 and 533.0 eV. Although the
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assignment of these satellites features is controversial in the literature, the peak at 533.0 eV
could be attributed to OH species present in small quantities of cobalt hydroxide, whereas the
peak at 532.0 eV could be assigned to the presence of a layer of loosely bound oxygen at the
surface of the CPNs. As the core binding energies relative to Co 2p and O 1s of cobalt oxides
and hydroxides are in the same range as those of cobalt phosphate, we suggest that the surface
of the CPNs constitutes a combination of Co?* and Co?" as oxo/hydroxo and phosphate species,
however, with the latter phosphate species believed to be more predominant in line with the
Co/P ratio of 1:6 determined by XPS.>*

The typical XRD pattern of the CPNs in Figure 1j indicates that the sample lacks crystalline
features. The XRD pattern could be closely matched to the Co3(PO4);-H,O phase. The ATR-
FTIR spectrum of the CPNs in Figure 1k displayed peaks at around 580 cm™! and in the 3500—
2500 and 1200-900 cm! regions. The broad absorption in the region from 3500 to 2500 cm!
and the weak peak at 1607 cm™! were assigned to the vibration of the OH groups, suggesting
the presence of water of crystallization and hydroxyl groups within the structure.”® The
vibration frequencies present in the region from 1200 to 900 cm™ are characteristic of
phosphate groups.”® The two overlapping intense peaks at 567 and 586 cm™! are characteristic
of the stretching vibrations of the metal-oxygen bond.>” The morphological properties of the

CPNs suggest the potential use of this material as electrocatalysts.

14
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Figure 1. (a) Schematic illustration of the proposed mechanism for CPN formation. (b,c) SEM
37 and (d,e) TEM images of the CPNs at various magnification. (f) EDX spectrum, (g,h,i) high-
40 resolution Co 2p (g), P 2p (h), and Ols (i) XPS spectra, (j) XRD spectrum, and (k) ATR-FTIR
spectrum of the CPNs (the inset in (k) shows a magnified portion of spectrum in the range of

45 1300-370 cm™1).

Electrochemical Characterization of CPNs. A schematic illustration of the preparation of
51 electrode surfaces with the CPNs and the setup used for the electrochemical studies is shown

54 in Figure 2a. Briefly, a suspension of the CPNs was drop cast on the GCE and electrochemically

59 15
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characterized using a three-electrode cell with PBS as the supporting electrolyte. A SPE that
was prepared in a similar manner was used for the detection of Glu in HS. A SPE was selected
because of its small size, as this would allow for low-volume measurements. In addition, the
SPE device is portable and disposable. The drop casting technique, which is a common and
widespread approach used for preparing electrodes, was selected as it allows for facile and fast
deposition.

CV and CA experiments were conducted to characterize the electrochemical properties of
the CPN electrode. Figure 2b shows the first 30 consecutive CV cycles of the CPNs obtained
at a scan rate of 20 mV/s and in the potential range from -0.2 to 0.9 V. After the first few
cycles, broad reduction and oxidation peaks were observed in the potential region of 0.35-0.65
V. These two peaks were respectively assigned to the oxidation and reduction of the Co ions.
The inset in Figure 2b displays the oxidation current response of the CPNs at 0.65 V over the
30 CV cycles ran; a gradual increase in current was observed as the cycle number increased.
This upward trend can potentially be explained by the migration of anions to the electrode
surface, which counterbalance the electrostatic charge from the oxidized Co cations, and
subsequently penetrate the CPNs with successive CV cycles, thereby generating and
expanding percolation pathways within the catalyst leading to an increase of the electroactive
surface area.”® As the abovementioned process enhances the electrochemical response of the
CPN, 30 CV cycles were run as an activation step.

Figure 2c displays the CV cycles of the CPN electrode in PBS at various scanning rates

ranging from 20 to 60 mV/s. Faster scanning rates resulted in an increase in both the anodic

16
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and cathodic peak currents, suggesting a limiting process in the Co3*/Co*" redox reaction. The
inset in Figure 2c shows the linear relationship between the peak currents and the square root
of the scan rate at neutral pH, indicating that the Co3*/Co*" redox reaction is a diffusion-
controlled process.>® The fitting values are reported in Table S1.

The effective surface area of the activated CPN-modified GCE was measured via CV at
varying scan rates of 20-270 mV/s in a non-mixed 5 mM K3Fe(CN)g and 0.1 M KCl supporting
electrolyte by the ferri-/ferrocyanide redox couple method (Figure 2d).%° The inset in Figure
2d shows the relationship between the peak current associated to the Fe(CN)¢3/Fe(CN)g* pair
and the square root of the scan rate. This relationship can be described by Equation 1:

ipeak = 268600An*/2D1/2Cy!/2 (1)

where Zei (A) is the peak current, A (cm?) is the effective surface area, 2 (1) is the number
of electrons transferred in the process, D (7.3 x 10® cm?/s) is the diffusion coefficient of
Fe(CN)g* at 25 °C,%! C'(5 x 10 mol cm™3) is the concentration of Fe(CN)¢3, and v (V/s) is the
scan rate. The slope of the plot in the inset of Figure 2d was used to calculate the effective
surface area A using Equation 1. The calculated effective surface area of the CPN-modified
GCE was 46.63 cm?, which is about 660 times larger than the geometrical area of the electrode
(=7 x 1072 cm?).

To elucidate the electrochemical properties of the CPNs, several CV cycles in PBS at
different pHs at a scanning rate of 20 mV/s in the potential region from -0.2 to 0.9 V were

performed (Figure S4). At pH 10.5, an overall increase in the magnitude of the current density
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was observed with the most pronounced oxidation and reduction peaks observed at,

respectively, 0.30 and 0.65, and 0.15 and 0.50 V. These peaks could be attributed to the

reduction/oxidation of Co?*/Co%* and Co3*/Co* redox couples, respectively.?336.62.63
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Figure 2. (a) Schematic representation of the preparation of the glassy carbon electrode and
screen-printed electrode, the experimental setup used for the electrochemical
characterizations, and measurements performed in the electrolyte composed of human serum
and PBS. WE, working electrode; CE, counter electrode; RE, reference electrode. (b) CV cycles
(30) of the CPNs in a Nj-saturated PBS electrolyte (10 mM, pH 7.4) at a scan rate of 20 mV/s.
The inset shows a plot of the peak current density value at 0.65 V vs Ag/AgCl as a function of
the cycle number. (c) CVs of the CPNs in PBS buffer (10 mM, pH 7.4) at different scan rates:
20, 25, 30, 35, 40, 50, and 60 mV/s. The inset shows a plot of the oxidation (Ox) and reduction
(Red) peaks current densities as a function of the square root of the scan rate. (d) CVs of the
CPNs in 5 mM K3Fe(CN)e¢/0.1 M KCl supporting electrolyte at different scan rates from 20 to
270 mV/s. The inset shows a plot of the peak current of the Fe(CN)s>/Fe(CN)s* redox couple
as a function of the square root of the scan rate. Dashed arrows indicate the potential sweep

direction. All current density data are normalized by the ESA.

Non-Enzymatic Detection of Glucose. The electrocatalytic properties of the CPNs were
examined toward applications involving physiological pH such as the detection of Glu.
Considering that Glu can be oxidized to gluconolactone at a neutral pH via a two-electron

electrochemical reaction® and that the Co** ions may act as oxidizing species,3®

we propose
that the prepared CPN material can catalyze the electrochemical oxidation of Glu (Figure 3a),

which can be described by Equations 2 and 3:

2C03* - 2Co** + 2e~ ()

19
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2Co**T + CgH1206 (glucose) — 2Co®* + CgH1o0¢ (gluconolactone) + 2 H + (3)

Therefore, electrooxidation of Glu on the CPNs for the non-enzymatic detection of Glu at
physiological pH was investigated. Figure 3b compares the CVs of the CPN electrode and the
bare GCE recorded in 0 and 30 mM Glu solutions (0, 10, 20, and 30 mM partially shown in
inset) prepared in Ny-saturated PBS (10 mM, pH 7.4), as supporting electrolyte, at a scan rate
of 20 mV/s in the potential region from -0.2 to 0.9 V, where the current density for this and
all subsequent profiles are normalized by the ESA. The full CV profiles of the CPNs in various
Glu solutions normalized by both the geometric area and the ESA of the electrode are shown
in Figure S5. A noticeable Glu concentration-dependent increase of the anodic peak current
was observed in the range of 0.3-0.8 V, which corresponds to the electrooxidation of Glu. The
oxidation of Glu in PBS at pH 7.4 could be related to the formation of the electroactive Co*
species. In contrast, the bare GCE (dashed line in Figure 3b) shows negligible current density
and no apparent pair of redox peaks owing to the absence of electroactive species in the
potential range from —0.2 to 0.9 V at all Glu solution concentrations studied.

To evaluate the concentration-dependent electrochemical response of the CPNs further, CA
profiles in PBS electrolyte containing various amounts of Glu (Figure 3c) were recorded at an
applied potential of 0.65 V. A step-like increase in current density upon addition of Glu at
increasing concentrations was observed until a stable current density was achieved; 90% of the
steady-state current density was achieved in 37 s (Figure S6). There was no current density
drift observed after consecutively running the CA experiments thrice, using the same CPN-

modified GCE for a total of 240 min (Figure S7), thus highlighting the stability and longevity
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of the CPNs. Figure 3d shows the calibration curve that was constructed from the triplicate
CA experiments. Interestingly, we notice an increase in the magnitude of the standard deviation

in moving toward higher glucose concentrations, which may correspond to an increase in
variability of detection as the CPNs approach the upper concentration limit of glucose.

The sensitivity of the CPN-modified GCE was 7.90 nA/mM cm? at a Glu concentration of 5 mM
based on the ESA, and the LOD was 0.3 mM based on S/N = 3. Both the Glu detection range,
tested up to 30 mM, and the LOD fulfill the requirements for Glu detection in human blood. It is
particularly interesting that the CPNs can catalyze the electrooxidation of Glu at physiological pH.
In contrast, most of the existing cobalt-based catalysts that are used for non-enzymatic sensing of
Glu require strong alkaline conditions.?3-3%41:42 Furthermore, while some other metal phosphate
systems (e.g., Ni3(PO4),-based materials®®) have shown greater sensitivity for glucose detection
than our currently reported materials, the detection range was investigated below the typical
glucose concentration of human blood (i.e., <1 mM), and measurements were also performed in

strongly alkaline conditions (1 M NaOH solutions).

Figure S8 shows the amperometric responsiveness of commercial Co3(POj), powder-based
electrode for the electrooxidation of Glu. A similar trend was observed in terms of a step-like
increase in current density as the Glu concentration is increased. Figure S9 shows the
calibration curve that was constructed from the triplicate CA experiments. The powder
displayed an LOD of 0.4 mM (S/N = 3) and a sensitivity of 4.53 nA/mM cm? at a Glu
concentration of 5 mM based on the ESA, which is 43% lower compared than that of the CPNs.
The results suggest that the CPN-improved sensitivity is due to the increased ESA as a result

of the smaller dimensions and the spatial organization of the CPN building blocks when
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compared with the Co3(POy4); powder. The sensitivity and LOD were calculated, respectively,
using Equations S2 and S3, and the fitting values are listed in Table S2.

Selectivity of CPNs in Physiological Contexts. For accurate Glu determination in biological
contexts, it is important for the test material to exhibit selectivity toward Glu in the presence
of other sugars and other oxidizable species in the human blood at their respective
concentrations. Therefore, the selectivity of the CPNs toward Glu was studied in the presence
of other sugars, such as lactose (LA) and galactose (GA), and other readily oxidizable species,
such as ascorbic acid (AA) and dopamine (DP), at their physiological concentrations.®’-70
Figure 3e shows the CA profiles recorded at 0.65 V with successive additions of Glu (5 mM),
LA (1.5 uM), GA (1.5 uM), AA (30 pM), DP (0.14 nM), and Glu (5 mM) to PBS (10 mM, pH
7.4) electrolyte under stirring. An increase in current density of about 50 nA/cm? was observed
upon first addition of 5 mM Glu. In contrast, a significantly smaller increase in current (<10%)
was observed upon subsequent addition of AA, and the increase in current was negligible
following subsequent addition of LA, GA, and DP. The increase in current density (about 35
nA/cm?) observed after the second addition of Glu shows that the CPNs are still responsive to
Glu, and their activity is not compromised by the interfering agents. These results suggest that
the CPNss are still capable of Glu sensing under the given experimental conditions. We do not
suggest that the CPN material is only capable of sensing glucose, but instead suggest that it is
capable of extrapolating

Moreover, the CPNs exhibit high tolerance against Cl- poisoning considering that the

experiments were conducted in PBS, which contains a high concentration of NaCl (137 mM).
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It is known that chloride ions can poison non-enzymatic Glu sensors based on precious metals
and alloys.353671

Reusability of CPNs. The feasibility of reusing the same material (sensor) for multiple
measurements is advantageous toward reducing costs and environmental impact. To
demonstrate that the CPN-modified GCE can be reused multiple times, amperometric
responses at 0.65 V were recorded in 0, 5, and 30 mM Glu PBS electrolyte; the electrode was
washed with water after each measurement. Figure 3f shows that the current densities at the
Glu concentrations studied were sustained across the multiple measurements performed, thus
confirming that the CPN-modified GCE can effectively be reused after simple cleaning with
water for reliable Glu sensing.

Thermostability of CPNs. To study the Glu sensing properties of the CPNs as a function of
the electrolyte temperature, CA experiments were performed in triplicate as a function of
temperature in 5 mM Glu PBS supporting electrolyte at a constant potential of 0.65 V. As
observed in Figure S10, the current density was dependent on the temperature. The current
density increased steadily with an increase in temperature up to 30 °C and increased more
steeply with further increases in the temperature to 50 °C. From the electrochemical current
densities at 30 and 50 °C, the calculated Glu concentrations (Table S2, fit 1) were respectively
about 1 and 34 mM higher than the actual Glu concentration (5 mM). The concentration of
Glu detected using the CPNs was consistent in the temperature range of 23-30 °C. Considering
that, in general, the detection of Glu is performed within the temperature range of 23-30 °C,

the CPNs are suitable for general use as a Glu sensor material. However, if a more precise
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detection of Glu is needed, the effect of the temperature has to be taken into account, especially

at temperatures higher than 30 °C.
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Figure 3. (a) Proposed electrochemical oxidation of Glu to gluconolactone at the electrode
interface. (b) CVs of the CPN-modified electrode in PBS buffer (10 mM, pH 7.4) at a scan rate
of 20 mV/s in the absence (black line) and presence (blue lines) of 30 mM Glu, respectively.
The dashed line represents the CV of the GCE (bare electrode) obtained under the same
experimental conditions. The inset shows a magnification of the potential region from 0.5 to
0.7 V (vs Ag/AgCl) with the presence of 10, 20, and 30 mM Glu (full profiles shown in Figure
S5). (c) Chronoamperometric responses of the CPN in PBS buffer (10 mM, pH 7.4) to successive

additions of Glu at an applied potential of 0.65 V (vs Ag/AgCl) and (d) the calibration curve
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based on the triplicate CA experiments. (e) Amperometric responses of the CPNs at 0.65 V (vs
Ag/Ag(l) to the addition of Glu (5 mM) in PBS electrolyte (10 mM, pH 7.4), followed by
additions of interfering agents lactose (LA, 1.5 pM), galactose (GA, 1.5 uM), ascorbic acid (AA,
30 uM), and dopamine (DP, 0.14 nM), and second addition of Glu (5 mM). (f) Cyclic
amperometric responses of CPN-modified GCE in 0, 5, and 30 mM Glu; the CPN-modified
GCE was washed with water after each measurement. Note that all current data have been

normalized by the ESA and are not apparent current densities.

Calculations of the Interactions between the Cobalt Phosphate Surface and Glucose. We next
investigated the mechanism of interaction between Glu and the CPN surface. To examine
binding orientations of Glu on CPN surfaces, DFT calculations were performed. Relaxed
surfaces of the (100), (111), and (211) facets of Coz(PO4), provided a variety of different
possible cobalt coordination scenarios. The relaxed (100) surface presented cobalt in a 3-
coordinate trigonal configuration, with a surface cobalt—cobalt distance of "6 A. The relaxed
(111) and (211) surfaces presented cobalt in a variety of 3-, 4-, and 5-coordinate geometries,
with surface cobalt—cobalt distances of 3—4 A (Figure S11).

For the 3-coordinate Co arising from the relaxed (100) surface, the most energetically
favorable binding of Glu was found to occur via the coordination of O1 to one Co atom at a
distance of 2.10 A and coordination of O3 to a second surface Co atom at a distance of 2.14 A

(Figure 4a). The binding energy of this configuration was calculated to be —-1.42 eV (Table S3).
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The most energetically favorable binding determined on the (111) surface was that between
O1 and O2 of Glu and 3-coordinate cobalt, with oxygen—cobalt distances of 2.06 and 2.17 A
respectively (Figure 4b). The binding energy for this configuration was —1.52 eV. In contrast
to the (100) surface, Glu binding on the (111) surface induced significant surface
reconstruction upon binding, increasing the distance between the chelated cobalt and one of
the phosphate oxygens from 2.06 to 2.31 A.

Similar to the (111) surface, optimal Glu binding on the (211) surface was with a 3-coordinate
cobalt adjacent to a 4-coordinate cobalt, and the O1 and O2 oxygens of Glu chelated the cobalt
with oxygen—Glu distances of 2.02 and 2.04 A, respectively (Figure 4c). However, the presence
of an uncoordinated phosphate oxygen within 3 A of the Glu O1 distinguishes the binding of
Glu on the (211) surface from that observed on the (111) surface. It can be suggested that the
electrooxidation of Glu is coupled to the proton transfer from the O1 hydroxyl group to the
uncoordinated phosphate oxygen. Based on the calculations, this configuration exhibits the
strongest binding with a binding energy of -1.86 eV. Glu binding configurations involving 4-
coordinate and 5-coordinate cobalt on the (111) and (211) surfaces were generally less
favorable, with binding energies of approximately -0.3 eV.

Though the results show an increase in binding strength with increasing facet index, it can
be suggested that the key requirement for strong Glu binding and electrooxidation is the
involvement of the distorted trigonal 3-coordinate geometry of cobalt on the surface, edge, or
vertex where the Ol and O2 of Glu can chelate, regardless of the facet, neighboring

uncoordinated phosphate oxygens. Interestingly, the most energetically favorable binding is
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associated with maximizing the number of electrostatic contacts (e.g., coordinate bonds and

hydrogen bonds), while minimizing the overall contact area (Table S3). Therefore, we suggest

oNOYTULT D WN =

9 that the under-coordinated Co surface presentation scenarios associated with more highly
faceted surfaces offers a greater distribution of electrostatic contacts, ultimately resulting in

14 greater interactions with Glu.

c
Plane (211)
E,=-1.86 eV

19 a b
20 Plane (100) Plane (111)

E,=-1.43eV

E,=-1.52eV

34 Figure 4. Energetically favorable Glu binding configurations and energies: (a) (100), (b) (111),
and (c) (211) surfaces. Solid orange lines indicate coordination bonds and dotted black lines
39 indicate hydrogen bonding. Cobalt, phosphorous, oxygen, carbon, and hydrogen are

42 represented as blue, purple, red, grey, and white spheres, respectively.

45 Detection of Glucose in Human Serum. The ability of the CPNs to oxidize Glu suggests that
48 they can be applied to biological samples such as HS. To examine the use of the CPNs for the
detection of Glu in a complex matrix, such as HS, an SPE (Figure S12) with a drop-cast
53 suspension of the CPNs was used. SPEs are suitable for the sensing of Glu owing to their

56 miniaturized, portable, and disposable nature.”? Figure 5a shows the calibration curves based
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on the chronoamperometric responses of CPN-modified SPE upon addition of Glu in separate
diluted solutions of HS, namely HS 1, 2, 5, 10% v/v in PBS, at an applied constant potential of
0.65 V (Figure S13). The error bars in Figure 5a represent the standard deviation of the steady-
state current density at a given Glu concentration. The parameters of the fittings are shown in
Table S2. The concentrations studied span up to 35 mM Glu, showing the broad detection
range of the CPNs. Although, with an increase in the content of HS in PBS, a decrease in the
CPN sensitivity and an increase in the LOD were observed, possibly owing to the fouling of
biochemical species on the electrode surface (Figure S14). Nevertheless, the CPNs still show
responsiveness toward the electrooxidation of Glu. Surface fouling from proteins, peptides,
and lipids present in a biological matrix can inhibit electron transfers on an electrochemically
active surface, causing a reduction in the analytical performances such as sensitivity, detection
limit, and reproducibility.”® This surface fouling causes deactivation of the electroactive sites,
resulting in the decrease of electrocatalytic current relative to the oxidation of Glu. The
stability of the CPNs in HS was also examined by recording 200 consecutive CV cycles in a 33
mM Glu HS 5% in PBS (Figure 5b). Throughout the 200 cycles, the CPNs showed no apparent
decrease in current density at 0.65 V, as shown in the inset of Figure 5b, indicating its long
service life and reliability. Future studies could focus on improving the system with various
strategies in order to minimize protein, peptide, and lipid fouling. Such strategies could involve
the surface coverage of the electrode with antifouling materials, such as polyvinylpyrrolidone

or polyethylene glycol, or pre-filtering the HS to remove the fouling substances.
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23 mM, pH 7.4) to the successive addition of Glu at an applied potential of 0.65 V (vs Ag/AgCl)
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2% (the raw data prior to fitting are shown in Figure S13). (b) Consecutive CVs of the CPNs in a
27

;g 33 mM Glu HS 5% v/v in PBS electrolyte after activation. The inset shows the changes in the
30

31 current density at 0.65 V (vs Ag/AgCl) as the cycle number is increased from 1 to 200. All
32

33

34 current density data are normalized by the ESA.

35

36

37 CONCLUSIONS

38

39

40 We reported the synthesis of electrocatalytically active CPNs using a simple, low-cost, and
41

fé scalable crystallization method. We investigated the electrocatalytic properties of the CPNs
44

45 for non-enzymatic Glu detection—rod- and screen-printed electrodes were modified with
46

47

48 CPNs for the catalyzed oxidation of Glu in a relevant biological environment such as PBS
49

g? electrolyte at physiological pH of 7.4. The CPNs achieved a wide Glu detection range (from 1
52

53 to 30 mM Glu in PBS) with a sensitivity of 7.90 nA/mM cm? at 5 mM of Glu (based on the
54

gg electroactive surface area of the electrode) and a limit of detection of 0.3 mM. The CPN system
57

58

59 29

60 ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

was stable—no drifts in the current density were observed during the determination of Glu in
both PBS and diluted solutions of HS, thus suggesting the longevity and reliability of the CPN
system. Additionally, the CPNs displayed negligible catalytic activity toward the oxidation of
coexisting interfering species such as lactose, galactose, ascorbic acid, and dopamine, thus
demonstrating the specificity of the CPN system toward Glu detection. The CPNs were applied
in biologically relevant electrolytes, such as diluted solutions of HS in PBS, where the CPNs
achieved a wide detection range up to 35 mM Glu, with a sensitivity depending on the
concentration of HS. DFT calculations suggested that the optimal binding of Glu occurred at
under-coordinated cobalt atoms at the surface, edge, or vertex of the nanostructure. Our results
suggest the potential application of the CPN-modified electrodes for the non-enzymatic

detection of Glu under biological conditions.
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