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ABSTRACT

The non-enzymatic determination of glucose is a current trend in analytical chemistry. Copper-
based nanomaterials are being widely employed for the fabrication of electrochemical analytical
devices for glucose monitoring. In this work, copper-modified titanium phoshate nanoparticles
(CuTiPNPs) were synthesized for the first time. Interestingly, CuTiPNPs show an electrocatalytic
effect towards the oxidation of glucose. These nanoparticles were characterized by different
techniques such as transmission electron microscopy, X-ray photoelectron spectroscopy, X-ray
diffraction, infrared spectroscopy, voltammetry and electrochemical impedance spectroscopy.
Important information on the structural, morphological, surface and electrochemical properties was
obtained. A mechanism involving a Cu(lll) species stabilized by phosphate groups of the
nanoparticles is proposed for the oxidation of glucose. The analytical performance of 8-channel
screen-printed electrodes modified with CuTiPNPs for glucose determination was evaluated. A
wide linear range from 25 pM to 2 mM and a limit of detection of 7 uM was obtained. The good
analytical figures of merit and the good selectivity towards glucose led to the versatile and accurate

non-enzymatic glucose determination in real samples such as honey and plasma.

KEYWORDS: Titanium phosphate nanoparticles; Copper nanoparticles; Glucose; Electrocatalysis;
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1. INTRODUCTION

Enzymatic electrochemical biosensors have been extensively studied and used in numerous
applications due to their high selectivity and sensitivity. For instance, enzymatic sensors for the
determination of alcohol[1], fructose[2], or hydrogen peroxide[3] have been developed. Glucose
determination is the most widespread application of these sensors for their good performance and
usefulness to monitor patients with diabetes[4,5]. However, enzymatic sensors suffer from some
problems such as high price or low stability. In order to minimize these issues, a current trend is the
development of non-enzymatic analytical devices for the determination of several substances of
interest[6,7], and especially, glucose[8-10]. For non-enzymatic glucose detection, metallic and
nonmetallic-based electrodes have been previously employed. For instance, Pissinis et al. have
recently reported the use of a nickel-chromium alloy electrode for carbohydrates detection[11] or
Tian et al. have reported a nickel ion implanted-modified indium tin oxide electrode for glucose
determination[12]. Non-enzymatic analytical devices also present different problems such as a
lower selectivity than enzymatic ones and the high price of some noble metals employed. For these
reasons, solving these issues is a constant concern in order to get an ideal device for non-enzymatic

glucose determination.

In recent years, nanomaterials have been widely used for different electroanalytical applications[13]
such as non-enzymatic glucose detection[14]. Some nanomaterials such as metallic nanostructures,
carbon nanotubes or graphene have shown great catalytic effects to electrochemical reactions. Metal
nanostructures (spheres, rods, cones or cubes) can be prepared from different materials, specifically
gold, platinum or palladium, as they have interesting properties in catalysis and low chemical
reactivity. However, the synthesis of these nanomaterials is usually high-priced for the expensive
starting materials (gold, platinum or palladium salts). The development of novel nanomaterials with
similar catalytic properties to those of the noble metals but with a lower manufacturing cost is being

extensively researched. Copper nanomaterials are one example. This kind of nanomaterials have
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applications in fields like catalysis or analytical detectors[15,16]. For instance, glucose non-
enzymatic electrochemical detection has been reported using different kinds of copper or copper
oxide-modified electrodes[17-19]. The most accepted mechanism for the catalytic oxidation of
sugars is the oxidation of the copper-based electrode by applying a positive potential, which, in an
alkaline medium, generates Cu(lll) species that react rapidly with carbohydrates [20,21]. Cu(lll)
species are generated only under certain conditions where they are strongly stabilized[22,23]. As
stated by Baldwin et al.[21], although the different copper-based electrochemical devices reported
are different in nature, the carbohydrate oxidation occurs only in a highly alkaline medium, and the
electrode surface is basically in form of oxide or hydroxide, and the oxidation of glucose follows
the same mechanism at the different electrodes. The mechanism proposed in several studies
published in the literature is as follows:
CuO + OH = CuO(OH) + ¢ (1)

CuO(OH) + Glucose — CuO + Gluconolactone (2)

This mechanism involves the presence of CuO, which is oxidized to CuO(OH) after the application
of a positive potential in an environment with high concentration of OH[20]. The Cu(lll) species,
which cause the carbohydrate oxidation, are electrogenerated in a stabilized atmosphere by the
oxide and hydroxide groups. In all these cases, the presence of CuO seems critical to achieve the

catalytic reaction.

Titanium phosphate nanoparticles (TiPNPs) have been recently developed[24]. TiPNPs, consisting
in a core of crystalline NaTi,(PO,); and a shell of amorphous titanium hydrogenphosphate and
dihydrogenphosphate,?* have shown to be able to interchange their acid protons by metal cations,
and therefore to introduce a high amount of metals in its pore structure. These properties make them
particularly suitable for the removal of heavy metals in polluted environments[25]. Another

application with great potential is as label for electrochemical sensors after the introduction of a
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metal easily measured by voltammetry. The ability to introduce different metals allows the use in
multiplexing biosensing[26—28]. Recently, it was found that these metal-modified nanoparticles
could show indirect electrocatalytic effects[29] after the in situ reduction of the metal to generate
metallic nanoparticles on the electrode surface. For instance, silver-modified TiPNPs showed a
catalytic effect towards the hydrogen evolution reaction, which could be used for quantification of
these nanoparticles or as a detection method for biosensors, as it has been the case for other
nanoparticles with electrocatalytic properties[30]. However, the direct electrocatalysis of reactions
with TiPNPs has not been reported to date. So far, just a few metals have been introduced into the
TiPNPs structure such as Cd, Pb or Ag, used for the mentioned applications, although, the

introduction of other metals may prove useful for new applications.

Screen-printed electrodes are one of the most used platforms for the development of
electrochemical sensors and biosensors. Their low cost, miniaturization, robustness and disposable
character are valuable properties for sensing applications. It is worth noting the versatility of screen-
printed electrodes to be modified either by adsorption or by covalent bonds with different materials.
The disposable character eliminates the issues associated to cleaning the working electrode after
performing a measurement, issues typically found with conventional electrodes. Glucose detection
using screen-printed electrodes have been carried out following different approaches such as the
direct electrochemistry of glucose oxidase[31], an Os-complex mediator in a Flow Injection
Analysis system[32], or a gold-nanodendrite electrode[33]. On the other hand, the development of
screen-printed devices continues to evolve with current trends, being the simultaneous analysis of
several samples using multichannel devices one of its latest hits, which allows a considerable saving
of time. As biosensing applications are time consuming, 8-channel screen-printed cards have been
employed for the development of electrochemical biosensors[34—-36] with other great advantages

such as the low reagent consumption. Similar to ELISA plates but integrating electrochemical
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detection, 96-channel screen-printed cards is a new alternative to further decrease analysis time

being able to measure several samples simultaneously[37].

In this paper, a simple method to synthesize and functionalize titanium phosphate nanoparticles
with copper (CuTiPNPs) and their application for non-enzymatic glucose detection using
multichannel screen-printed electrodes is described. CuTiPNPs were characterized using different
microscopic, structural and electrochemical techniques, obtaining relevant information about its
structure and behaviour. CuTiPNPs showed a great electrocatalytic effect towards the glucose
oxidation, achieving the detection of low glucose concentrations with a miniaturized and disposable
device able to measure 8 samples simultaneously. The developed analytical device performed well

in real samples applications.

2. MATERIALS AND METHODS

2.1. Instrumentation

Voltammetric measurements were performed with a pStat 8000 (DropSens, Spain) potentiostat
interfaced to a Pentium 4 2.4 GHz computer system and controlled by DropView 8400 2.0 software.
All measurements were carried out at room temperature. 8-channel screen-printed electrochemical
cards (8xSPCEs) were purchased from DropSens (Spain). Each array is formed by eight 3-electrode
electrochemical cells (25 pL volume) with carbon-based working and counter electrodes, whereas
quasireference electrodes and electric contacts are made of silver (Figure S1). All the indicated
potentials are related to the silver quasireference electrode. This device has dimensions of 4.0 x 7.9
x 0.06 cm (length x width x height) and the diameter of the working electrodes is 2.56 mm
(geometric area of 5.14 mm?). The 8-channel arrays were connected to the potentiostat through a
specific connector, DRP-CAST1X8. An Elmasonic P ultrasonic bath (EIma GmbG, Germany) was

also employed to disperse the nanoparticles in the solution.
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The high resolution transmission electron micrographs (HRTEM) were obtained on a JEOL JEM
2100 transmission electron microscope with an accelerating voltage of 200 kV. X-ray diffraction
(XRD) patterns were performed with a Bruker D8 X-ray diffractometer with a Cu Ko X-ray source,
A= 0.15418 nm. Fourier transform infrared (FTIR) spectroscopic measurements were taken on a

Perkin Elmer FT Paragon 1000 using KBr pressed disks.

2.2. Reagents and solutions

Sulfuric acid (97%), dried ethanol, sodium hydroxide, potassium chloride and glucose were
purchased from Merck (Spain). Phosphoric acid (H3POys, crystalline), docusate sodium salt (AOT),
titanium(lV)  butoxide  (TBOT), copper(ll) acetate, xylose, fructose, sacarose,
hexaammineruthenium(l11) chloride, hexaammineruthenium(ll) chloride, potassium ferrocyanide,
potassium ferricyanide, dopamine hydrochloride, ascorbic acid and uric acid were purchased from
Sigma-Aldrich (Spain). Diethylether and absolute ethanol were purchased from VWR. Ultrapure
water obtained with a Millipore Direct Q5™ purification system from Millipore Ibérica S.A.
(Madrid, Spain) was used throughout this work. All other reagents were of analytical grade.
Working solutions of TiPNPs and CuTiPNPs were made in ultrapure water, and sonication was

used to get disperse solutions.

2.3. Synthesis of titanium phosphate nanoparticles

Synthesis of titanium phosphate nanoparticles was carried out following a procedure found in the
literature[24]. Typically, 5.65 mmol of AOT was dissolved into 12.5 g of ethanol and H3PO, (51
mmol) was added. AOT works as sodium source and structure-directing agent. This solution was
filtered and the precipitate was removed. Then, a mixture of TBOT in ethanol (2.5mmol/15.5 mL)
was fast dropped into the filtered solution, and stirred at 80 °C for 6 h. A white solid product was

washed with ethanol and ultrapure water for several times until neutral pH.
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For the copper-modified titanium phosphate nanoparticles, an aqueous suspension (1 mL) of
TiPNPs (40 mg/mL) was dispersed in 17 mL of an aqueous solution of Cu(CH3;C0OOQ); (10 mM) and
the resulting mixture was stirred at 50 °C for 24 h. Then, the final mixture was centrifuged, the solid
precipitate was washed three times with 10 mL of ultrapure water and the nanoparticles were dried
under vacuum overnight yielding almost quantitatively CuTiPNPs. In order to evaluate the effect of
the NaOH solution in the CuTiPNPs structure, 80 mg of CuTiPNPs were dispersed in 5 mL of
NaOH solution (0.1 M) and the resulting suspension was stirred for 1 minute. Then, the mixture
was centrifuged, the remaining solid was washed three times with ultrapure water and dried under

vacuum overnight yielding almost quantitatively CuTiPNPs-OH.

2.4. X-ray photoelectron spectroscopy

Photoelectron spectra were acquired with a Escalab 200R (Vacuum Generators, Ltd., UK)
spectrometer provided with a hemispherical electron analyzer and a MgKal (hv = 1253.6 eV) X-ray
source. The spectra were acquired in the constant analyzer energy mode at 200 eV pass energy for
survey spectra and 50 eV pass energy for narrow (10-20 eV) scans. The background pressure in the
analysis chamber was maintained below 8.10° mbar during data acquisition. The XPS data signals
were taken in increments of 0.07 eV with dwell times of 40 ms. The binding energy scale of the
instrument was calibrated with respect to Au4f;, (84.0 eV) and Cu2ps;, (932.6 eV) emissions.
Charge effects on the samples were corrected by taking the C1s line of adventitious carbon at
binding energy (BE) of 284.8 eV which gives an accuracy of + 0.1 eV. Intensities of the peaks were
calculated from the respective peak areas after background subtraction and spectrum fitting by the
standard computer based statistical analysis which included fitting the experimental spectra to a
sum of Gaussian and Lorentzian lines (90G-10L) using a least squares minimization procedure for
¥ with the help of the XPS peak program. Relative surface atomic ratios were determined from the

corresponding peak areas, corrected with tabulated sensitivity factors,[38] with a precision of 7%.
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2.5. Nanostructuration of the screen-printed electrodes

Modification of 8xSPCEs with CuTiPNPs was carried out by depositing an aliquot of 4 pL of the
CuTiPNPs dispersion covering the working electrode surface. The solution was left at room

temperature (20°C) until dryness.

2.6. Electrochemical measurements

Glucose detection was carried out by measuring the chronoamperometric response at 60 s after the

application of +0.5 V. The value of the current measured at 60 s is considered the analytical signal.

Electrochemical impedance spectroscopy (EIS) was performed with an Autolab PGSTAT12
(Metrohm Autolab) potentiostat/galvanostat controlled by the Autolab FRA 4.9 software. Individual
screen-printed carbon electrodes (SPCEs) (DropSens, ref. 110) were used for EIS measurements.
40 pL of [Fe(CN)s]*™ or [Ru(NHs)e]*"** solution (5 mM) prepared in KCI 0.1 M was dropped on
the electrochemical cell and EIS measurements were carried out by applying a potential of +0.12 V
(for [Fe(CN)e]*™) or -0.24 V (for [Ru(NHs)g]*"*") and an AC amplitude of 10 mV. The impedance

data was fitted to the Randles equivalent circuit (Figure S2).

2.7. Real samples

For honey samples, 0.4 g of honey was diluted in 25 mL of H,O and diluted 100 times in NaOH 0.1

M. 25 uL of this solution was added to the device to carry out the measurement.

For blood, in order to separate the plasma, the sample was centrifuged at 10000 rpm during 3 min.
Then, the plasma was diluted 10 times in NaOH 0.1 M. For the standard additions analysis, 500 pL
of the diluted plasma was added to 500 pL of a solution of 0, 100, 300 and 700 uM of glucose in

NaOH 0.1 M, respectively.
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3. RESULTS AND DISCUSSIONS

3.1. Characterization of the copper-modified titanium phosphate nanoparticles

3.1.1. Structural Analysis
Comparing the X-ray diffractogram of CuTiPNPs with that one of the TiPNPs, shown in Figure S3,
it is easy to see that the incorporation of copper cations to the starting nanoparticles affected not
only the amorphous shell but also the crystalline core. In fact, the crystallinity of NaTi(POy)s,
which constitute the core of the nanoparticle, is almost destroyed and probably new phases have
been created as far as a new peak appears at 20 = 18.1 and the signal due to the plane (1 1 3) is less
intense. These changes could be originated either by a partial incorporation of the copper ions into
the crystal structure or by the partial substitution of sodium by copper ions. Actually, NaTi2(PO4)3
is able to incorporate cations into its structure[39-41] or even to exchange sodium by other
cations[42,43]. In both cases, it is expected that the crystallinity of the sodium dititanium
triphosphate will be altered or even new phases could be formed. The X-ray diffractogram of

CuTiPNPs-OH was similar to that of the CuTiPNPs and, therefore, it is not shown.

The IR spectrum of CuTiPNPs does not show any band attributable to the acetate ion (around 1500
cm™) (Figure S4). It means that the acetate ions as well as the acetic acid formed in the reaction
between the CH3COO™ anions and those protons coming from the hydrogen phosphate or
dihydrogen phosphate units present in the starting TiPNPs were eliminated when the sample was
washed with water. When comparing the whole IR spectrum of CuTiPNPs with that of the starting
nanoparticles, the most relevant modifications are located in the 500-700 cm™ region (see Figure 1).
There are bands at 640 and 581 cm™ that are present in both spectra, although with different
intensity. They could be tentatively assigned to NaTi»(PO.)s [44] although the band at 581 cm™,
which is more intense in TiPNPs, could also be attributed to the HO-P=0O group[45,46] present in

both hydrogenphosphates and dihydrogenphosphates. The lower intensity of the band at 581 cm™ in

10
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the infrared spectrum of CuTiPNPs could be explained taking into account that the copper cations
have replaced the protons of the acid phosphates. In the IR spectrum of the copper derivative
CuTiPNPs, two new bands at 557 and at 517 cm™ are observed, which should be related to copper
phosphates, suggesting that the copper is linked to the phosphate groups of the nanoparticles. In fact,
the glass (CuO)os(P20s)05 exhibit a PO,* band at 523 cm™[47] and the compound Cus(PO,),. 2H,0
exhibits bands at 633 and 559 cm™ [48]. In order to simulate the behavior of the CuTiPNPs on the
electrode surface, the nanoparticles were treated with a 0.1 M NaOH solution (as described
previously), generating CuTiPNPs-OH. Some differences are observed in the FTIR spectrum of the
sample CuTiPNPs-OH (Figure 1C). This spectrum also shows bands at 640 and 555 cm™, which
can be attributed to copper phosphates, suggesting that the copper atoms remain connected to the
phosphate groups of the nanoparticles, even after the treatment with the alkaline solution.
Furthermore, the disappearance of the band at 581 cm™ (tentatively assigned to HO-P=0) would be

explained assuming that the NaOH reacted with most of the protons of the acid phosphates.

3.1.2. Morphological Analysis

The morphology of TiPNPs, CuTiPNPs and CuTiPNPs-OH samples at the nanoscale was studied
by transmission electron microscopy (TEM). Representative TEM images of these samples are
shown in Figure 2 and the corresponding particle size distributions are given in Figure S5. These
distributions and the morphology do not differ so much from each other. It is worth mentioning that
no different phases are observed, as it happens for silver-modified TiPNPs, where silver
nanoparticles can be observed[29]. This fact suggests that the copper is present within the structure
of the CuTiPNPs and it is not forming an alternative species such as other particles, even after

treatment with the alkaline solution.

The inter-plane distances of the NaTi,(POy)s crystals detected by electron diffraction in the TEM

experiments, are coincident with those of the same crystal inside the parent TiPNPs:

11
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TiPNPS -------mmeeeeee CuTiPNPs

4.34 A-—--NaTiy(POy)s - 4.34 A
3.67 A-—--- NaTiy(PO4);-----3.65 A
3.00 A-——- NaTiy(PO,); -----3.03 A

2.72 A---- NaTiy(POy)3 —--2.75 A

Similarly, inter-plane distances of the NaTi,(PO4); crystals, which constitute the core of CuTiPNPs-
OH, detected by electron diffraction in the TEM experiments, are coincident with those of the same
crystal inside the parent TiPNPs, although in this case less planes are detected, suggesting greater
destruction of this crystalline phosphate, which is in accordance with the disappearance of the band

at 580 cm™ in the infrared spectrum of CuTiPNPs-OH (assigned to this compound, NaTiz(PO4)s).

3.1.3. Surface Analysis
Photoelectron spectroscopy was used to evaluate the chemical environment of the atoms and to
quantify the elemental abundance on the surface region of the solid samples. As the XP survey scan
allows identify unambiguously the elements present on solid surfaces, low resolution, wide energy
scans were recorded for all the samples. In addition, high-resolution P2p, O 1s, Ti2p, Cu and Nals
spectra were recorded and the corresponding binding energies are summarized in Table S1. The
binding energy for P2p at 134 eV indicates that phosphorus in the samples exists in pentavalent
oxidation state and apparently as P-O bond species[49]. The Ti2ps;, spectrum was satisfactorily
fitted as one peak at 458.6 eV indicating that Ti ions are in an octahedral environment, coordinated
with oxygen.[50] The Cu2p and Ols spectra of CuTiPNPs and CuTiPNPs-OH samples are
displayed in Figure 3. The binding energy of the most intense component (Cu2ps,) of the Cu2p
doublet in both samples appear at 935.1 and 935.2 eV, respectively, which are characteristic of
divalent copper (see Table S1). The presence of Cu(ll) species is also supported by the typical

shake-up observed at ca. 940 and 943 eV. In addition, both CuTiPNPs and CuTiPNPs-OH samples

12
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show the presence of sodium, whose Nals core level at a binding energy of 1071.4-1071.5 eV is
indicative of the presence of Na cations which are required to counterbalance the negative charge
of phosphate groups. Quantitative analysis (Table S2) revealed that the Cu/Ti atomic ratio is
slightly higher for the CuTiPNPs-OH (1.371) sample than for its CuTiPNPs counterpart (1.214)

while the Na/Ti ratio follow an opposite trend.

3.2. Electrochemistry of CuTiPNPs-modified screen-printed carbon electrodes

Electrochemical characterization of CuTiPNPs-modified screen-printed electrodes was carried out
after the modification of the working electrode with 4 pL of a 2 mg/mL dispersion of CuTiPNPs. A
solution of 5 mM of [Fe(CN)s]* in KCI 0.1 M was employed as electrochemical indicator. Cyclic
voltammograms recorded from +0 V to +0.7 V at several scan rates (10, 25, 50, 100, 250 mV/s) are

¥4 redox

shown in the Figure 4. The characteristic anodic and cathodic processes of the [Fe(CN)g]
couple can be observed in the voltammograms and the peak current increased linearly with the
square root of the scan rate (Figure S7A). This fact means that the process is gouverned by the
mass transport by semi-infinite linear diffusion, as happens for a bare SPCE electrode (see
Supporting Information, Figures S6 and S7B). Therefore, it seems that the porous coating of the
electrode surface does not influence the limiting control of the electrochemical reaction. The
Randles-Sevcik equation for a one-electron irreversible transfer was employed to estimate the
electroactive area of the electrode:
ip = (2.99x10%) <> A C D2 v (1)

where i, is the peak current (A), o is the electronic transfer coefficient (typically, 0.5), A is the
electrode area (cm?), C is the bulk concentration of the analyte (mol/cm®), D is the diffusion
coefficient of the analyte (0.67 x 10®° cm?s in KCI 0.1 M)[51], and v is the scan rate (V/s).

Electroactive area for the CuTiPNPs-modified electrode was 3.4 + 0.4 mm?. This area was lower

than the estimated area for a bare electrode (4.6 + 0.5 mm?). The modification of the electrode

13
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surface with a material such as titanium phosphate has a negative effect on the electrode area that is

involved in the electron transfer.

Although some kind of non-metallic nanoparticles could influence directly the electron transfer, as
it happens with quantum dots[52,53], it does not seem to be the case for CuTiPNPs since the
electrochemical processes are observed at a similar potential to the bare electrode (see S.I., Table
S3). Therefore, the voltammetric results suggest that the electron transfer is performed directly
through the carbon electrode. The lower electroactive area is probably due to that part of the
electrode surface is not available because it is blocked by the non-conducting nanoparticles.
However, the porous nature of the material and the heterogeneity of the film formed on the
electrode surface helps to prevent that the entire electrode surface is hindered for the electron
transfer and the decrease on the electroactive area was not as high as expected. This fact is
important when the electrodes nanostructured with these nanoparticles are employed for
electrocatalytic applications as the electron transfer is possible even with the film coating the

working electrode.

In order to get more information on the electron transfer between the electroactive species and the
modified electrodes, electrochemical impedance spectroscopy was carried out for bare and
CuTiPNPs-modified screen-printed electrodes using a solution of 5 mM of the redox couple
[Fe(CN)e]*™ (Figure 5A). A significant increment on the charge transfer resistance (R¢;) was found
for the electrode modified with CuTiPNPs (956 £ 112 Q) or with TiPNPs (760 £ 95 Q) compared to
the bare electrode (380 + 52 Q), as suggests the increment of the semicircle radius. These results
clearly show that the electron transfer is hindered by the film of the nanostructured material, fact
that was unclear after the voltammetric measurements, causing an increment in the charge transfer
resistance. However, it is likely that this lower electron transfer rate is due to the possible repulsion

of anions from the pores of the nanoparticles, as the phosphate groups could confer some negative

14
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charge, which prevents access of a negatively-charged redox species, and therefore, inhibit the

electron transfer. This possibility was evaluated using the [Ru(NHz)s]*"**

redox couple (positively
charged). A R of the same order was obtained for bare SPCEs (24 + 3 Q) and modified with
TiPNPs (30 + 2 Q), as illustrated in the Figure 5B. Additionally, double-layer capacitances of 1.07
+ 0.02 and 4.4 £ 0.2 yF were estimated for bare and CuTiPNPs-modified electrodes, respectively.
The modification of the carbon surface with a film of a mesoporous material, which can be partially
charged, increases the capacitance of the electrical double layer. This increment is not due to a
higher electroactive area, it may be due to the different dielectric constant of these nanoparticles
compared to the dissolution and may also be due to the porous nature and local charge of the
nanoparticles, which can influence the reorganization of ions of the double layer, increasing the
ability to store electrical charge at the electrode/solution. This electrochemical characterization has

provided interesting information about the behaviour of electrodes modified with CuTiPNPs and

TiPNPs.

3.3. Non-enzymatic detection of glucose using SPCEs modified with CuTiPNPs

The electrochemical behaviour of bare screen-printed carbon electrodes and modified with 2
mg/mL of CuTiPNPs was studied by linear sweep voltammetry in 0.1 M NaOH in the absence and
presence of 1 and 10 mM of glucose (Figure 4B). When glucose is present in the solution and the
electrodes are modified with CuTiPNPs, an oxidation process can be observed at a potential close to
+0.60 V, which increases with the glucose concentration in solution. This process does not occur
when bare electrodes are used, indicating a characteristic electrocatalytic process of CuTiPNPs-
modified electrodes towards glucose. Although a significant peak response was not appreciable in
absence of glucose for the modified electrodes, it was probably due to the low sensitivity of the
voltammetric technique for visualizing the direct copper oxidation when no catalytic reaction takes
place (and with a small quantity of nanoparticles). However, the increased current of the

chronoamperometric response (Figure S8) suggests that the oxidation of copper is produced even in

15
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absence of glucose. The voltammetric response obtained is coherent with the glucose oxidation
mechanism typically considered for copper-based electrodes in alkaline medium. As previously
reported in the literature[54,55], copper (111) oxides and hydroxides could work as a catalyst for the
oxidation of sugars (as indicated by the reaction in equations 1,2). In this reaction, glucose is
oxidized to gluconolactone by Cu(lll), which is generated electrochemically from Cu(ll) and
Cu(ll) is consecutively reduced to regenerate Cu(ll). The consumption of Cu(lll) in this reaction
leads to an increased oxidation process of Cu(ll) to Cu(lll) (according to Le Chatelier principle),

which is directly related to the amount of glucose in solution.

However, as described in the characterization section, the CuTiPNPs, even after a treatment with an
alkaline solution, present Cu(lIl) connected to the phosphate groups of the nanoparticles, and copper
oxides or hydroxides were not observed. Therefore, the Cu(ll) present in the structure of the
CuTiPNPs is the initial species involved in the electrocatalytic reaction. To electrogenerate Cu(lll)
species at a relatively low potential, as verified experimentally by voltammetry, the Cu(l11) should
be strongly stabilized in these conditions. Owing to the high reactivity of Cu(lll) species and their
in situ electro-generation only at the electrode surface is really difficult to carry out a structural
characterization to know more accurately the mechanism of the formation and the chemical
composition of the species involved in the glucose oxidation. However, a possible and reasonable
mechanism is proposed. Cu(ll) is, probably, bound to the phosphate by oxygen atoms, in a very
simplified notation: -P-O-Cu-O-P-. Cu(ll) in this species seems to be in a stabilized atmosphere by
the strong electronegative oxygen atoms. After the electrooxidation in alkaline medium the
following Cu(lll) species could be formed (again, in a simplified notation): -P-O-Cu(OH)-O-P. This
species is further stabilized by the union of hydroxide groups, which are essential in order to
produce the oxidation at a low potential. For CuO electrodes, the mechanism proposed after the
electrooxidation is typically by means of CuO(OH), in an analogous process to the proposed for the

CuTiPNPs in our work (Figure 6). Another possibility is that the electrooxidation of Cu(ll) species
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were capable of extracting the metal from the CuTiPNPs structure to generate oxides/hydroxides on
the electrode surface. However, this mechanism would involve a major reorganization of bonds
(breaking copper-phosphate bonds and generating new oxide/hydroxide bonds), which theoretically
would have slower kinetics that the previous proposed mechanism and that would result in a shift of
the oxidation potential to more positive potentials (higher energy). In the voltammetric
measurements, the Cu(ll) to Cu(ll1) oxidation appears to a potential close to +0.6 V, which is very
similar to the potential found for the oxidation of CuO described in different published
studies[17,56]. In these cases, with the electrooxidation of Cu(ll) to Cu(lll) only a new bound is
generated to obtain CuO(OH). Therefore, the energy (potential) necessary to oxidize the Cu(ll) of
the CuTiPNPs is similar to CuO, suggesting that a similar mechanism takes place. This mechanism
would indicate the formation of Cu(lll) species stabilized by phosphate groups and hydroxide ions,
interesting aspect due to that Cu(lll) species have only been reported under complex

conditions[23,57].

In order to obtain more information on the electrochemical process, a study of the catalytic
oxidation of glucose at the nanostructured device was carried out. Linear-sweep voltammograms of
a solution of 10 mM glucose in 0.1 M NaOH at several scan rates from 10 to 250 mV/s were
recorded (shown in Figure S9A). A linear relationship between the oxidation peak current versus
the square root of the scan rate was found (Figure S9B), suggesting that the limiting step for the
rate of the electrochemical reaction is the diffusion of species to the electrode surface. This fact is
coherent with the results found by other authors[58]. Although the copper species on the electrode
surface are decisive for the reaction (Cu(ll) to Cu(lll)), other species such as the glucose or the OH"
ions are also involved, and the results suggest that the mass transport of some of these species
control the limiting step of the reaction, and they do not interact strongly with the electrode surface

or with the CuTiPNPs.
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3.3.1. Optimization of the experimental conditions

The performance of electrochemical device using CuTiPNPs and 8xSPCEs for the oxidation of
glucose was optimized by varying different experimental conditions such as the amount of
CuTiPNPs deposited on the electrode surface or the effect of the applied potential. The results are

described in the Supporting Information (S10).

3.3.2. Analvtical performance of the electrochemical device

In order to evaluate the analytical characteristics of the developed device for glucose determination,
increasing concentrations of glucose in 0.1 M NaOH were measured with different devices using
the optimized experimental conditions. The chronoamperometric response showed a linear
relationship to the glucose concentration from 25 pM to 2 mM (Figure 7A) with a correlation
coefficient (R?) of 0.997 according to the following equation: i (WA) = 0.401 (+ 0.009)
[Glucose](mM) + 0.023 (+ 0.006) (n=3). A detection limit of 7 uM of glucose was obtained. The
detection limit was calculated as the concentration corresponding to three times the standard
deviation of the estimate[59]. The electrochemical device developed using screen-printed electrodes
modified with CuTiPNPs exhibited excellent performance for glucose with a wide linear range, a
sensitivity of 7.81 pPA mM™ cm™ and a low detection limit. The detection limit of the developed
device is much smaller than the normal values found in most samples of interest (clinical or food

samples), so the device could be used for glucose detection in these samples.

Several copper and nickel-based screen-printed electrodes for non-enzymatic glucose determination
are presented in Table 1. Although other metal-based electrodes have been reported in the literature
(specially based on noble metals), the trend is to use cheaper materials such as copper and nickel,
and small, low-cost and disposable devices such as screen-printed electrodes. Two of the electrodes
reported seem more competitive considering the analytical characteristics obtained. For instance,

the work published by Liang-Sung et al.[60], in which the help of graphene produces a very
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sensitive device with an extremely low limit of detection. However, the analytical characteristics
are calculated using the device in a flow-injection analysis setup, which typically improves the limit
of detection. The electrode modified with 3D nickel nanoporous structures also shows a good
performance[61]. This device is employed in a conventional electrochemical cell with stirring,
enhancing the mass transport and therefore, the limit of detection. In comparison to the other
screen-printed devices reported, our device is highly competitive in terms of the linear range and
limit of detection. Moreover, the utilization of 8-channel screen-printed cards leads to the
simultaneous determination of 8 glucose samples, resulting in a considerable time-effective

analysis.

3.3.3. Precision and stability studies

A precision study of the electrochemical device was carried out by evaluating the reproducibility of
eight different electrodes modified with CuTiPNPs using the optimized conditions and tested with a
solution of 300 uM of glucose in 0.1 M NaOH. The developed device showed precise results with

an average relative standard deviation (RSD) of 8.5%.

The stability of the electrochemical device was evaluated, several screen-printed electrodes were
modified with CuTiPNPs using the optimized conditions and stored at run temperature for different
time periods. The chronoamperometric response of the devices was tested by triplicate over a 6-
week period using a solution of 200 uM of glucose in 0.1 M NaOH. As shown in Figure 7B, the
device kept the initial response for the time period tested, verifying the good stability. This fact is
due to the good stability of the titanium phosphate nanoparticles after the introduction of Cu(ll),

allowing the deposited film on the electrode surface to keep their initial conditions.

3.3.4. Interference study of the electrochemical device
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In order to evaluate the selectivity of the electrochemical device towards glucose oxidation, several
possible interfering species such as dopamine, uric acid, ascorbic acid and other sugars were tested.
Studies are described in the Supporting Information (Figure S11). In summary, the device exhibit

excellent selectivity towards glucose.

3.3.5. Real samples

In order to evaluate the performance of the electrochemical device developed in this work for real
samples, the determination of glucose in food and clinical samples was carried out. A honey sample
was diluted as explained previously, obtaining a solution with a glucose concentration within the
calibration range. The sample was measured by triplicate and the value of the current intensity was
used with the calibration curve to obtain a glucose concentration of 29 + 3 g/100g sample. This
value is very close to the value obtained (29.3 = 0.4 / 100g sample) with another device previously
developed in our group that was validated for different samples[62]. Therefore, the device showed a
good performance towards glucose detection in a sample with a high concentration of other sugars
such as fructose, and, therefore, showing a negligible response to these species. Furthermore, no

significant matrix effects were observed with the dilution performed (1:100).

Glucose determination in a blood clinical sample was performed by following the procedure
described in the Experimental section. A scheme of this procedure is shown in the Figure S12. The
results were validated with a commercial glucometer (One Touch Ultra Easy, LifeScan). In order to
avoid problems with the high concentration of proteins, samples were centrifuged at 10000 rpm for
3 min to perform the separation of the plasma. As the typical glucose concentration in blood is
significantly higher than the calibration range of the device, a dilution of the plasma was carried out
(1:10) in 0.1 M NaOH. This solution was measured with the electrochemical device under the
optimized conditions and the chronoamperometric current was used to obtain a concentration value

from the calibration plot (Figure 7A). However, the results for this sample were well below the real
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value obtained by the commercial glucometer, suggesting a high impact of matrix issues. Then, a
standard addition method (Figure S13) was carried out to minimize these issues, getting a value
closer to the value obtained by the glucometer (100 + 11 mg dL™ vs. 104 + 5 mg dL™ with the
glucometer). Although the aqueous portion is separated and the appropriate dilution made in NaOH,
matrix interferences seems to occur. However, the analysis by the standard additions method

appears to be suitable for using this non-enzymatic electrochemical device with complex samples.

4. CONCLUSIONS

This work describes, for the first time, the modification of titanium phosphate nanoparticles with
copper and the direct electrocatalysis towards the oxidation of glucose. The characterization studies
have provided more insight on the structural, morphological and electrochemical properties of the
TiPNPs modified with metals. Cu(ll) seems to be bound to the nanoparticles by the phosphate
groups. Furthermore, no structural or morphological changes were observed after treatment with an
alkaline solution. Therefore, a mechanism of the glucose electrocatalysis is proposed where
electrogenerated Cu(lll) species stabilized by the phosphate groups of the nanoparticles are
involved, different from the typical CuO species reported in the literature. Furthermore, CuTiPNPs
were used in 8-channel screen-printed cards for non-enzymatic glucose determination, obtaining a
good analytical performance, the detection of glucose at UM concentrations, and the ability to
perform eight simultaneous analyses, quickly and easily. This work could open a new way to
develop electrocatalytic application using titanium phosphate nanoparticles modified with different

metals, which could allow the catalysis of other electrochemical reactions of interest.

SUPPORTING INFORMATION
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Additional text, ten figures, and three tables showing the multichannel electrodes, spectra data,
several electrochemical experiments, optimization of the experimental conditions and interference

study for the glucose detection.
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Figure 1
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Figure 1. IR spectra in the 500-700 cm™ range for A) TiPNPs, B) CuTiPNPs and C) CuTiPNPs-OH.



Figure 2

Figure 2. Representative TEM images for A) TiPNPs, B) CuTiPNPs and C) CuTiPNPs-OH.



Figure 3
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Figure 3. Cu2p and O1s XPS spectra for CuTiPNPs and CuTiPNPs-OH.
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Figure 4. A) Voltammetric response for ferrocyanide using CuTiPNPs-modified electrodes at
different scan rates (10, 25, 50, 100, 250 mV/s). B) Linear-sweep voltammograms in 0.1 M NaOH

for bare and CuTiPNPs-modified electrodes in presence or absence of 1 or 10 mM of glucose.
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Figure 5. A) Nyquist plots for bare, TIPNPs and CuTiPNPs-modified electrodes using the
[Fe(CN)g]*™ couple redox. B) Nyquist plots for bare and TiPNPs-modified electrodes using the

[Ru(NHs)e]*”** couple redox.



Figure 6
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Figure 6. Schematic mechanism proposed for the formation of the Cu(lll) species after the
electrooxidation.
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Figure 7. A) Calibration plot representing the relationship between the quasi-stationary current and
the glucose concentration. B) Chronoamperometric quasi-stationary current obtained in several

CuTiPNPs-modified electrodes stored at ambient conditions for different periods of time.



Table 1

Electrode material Linear Range (uM) Detection Limit (uM) Reference
CuTiPNPs 25-2000 7 This work
Cu nanobelt 10 - 1130 10 [63]
Cu/Graphene 0.12 - 500 0.03 [60]
CuOSPEs 50 - 1200 4 [56]
NiCu nanowires 50-1000 40 [64]
Ni nanowires 50-1000 - [65]
NiCo 25-3700 - [66]
Ni-doped nanoporous carbon 20-240 10 [67]
3D-porous Ni nanostructures 0.5-4000 0.07 [61]
NiNP-chitosan-rGO 200-9000 4.1 [68]

Table 1. Analytical characteristics of several non-enzymatic glucose devices using screen-printed electrodes.
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S1. Multichannel screen-printed electrodes

The electrodes used throughout the work were 8-channel screen-printed cards (purchased from
DropSens). A schematic diagram is shown in Figure S1A and a real image is shown in Figure S1B.
These cards are composed by eight miniaturized electrochemical cells with a carbon working
electrode of 2.56 mm in diameter. Electrochemical cells are independent and different electrochemical
methods can be applied simultaneously. Using a multichannel potentiostat (DropSens pStat 8000), we
were able to perform 8 simultaneous analyses, resulting in a time-effective research in comparison to

use individual screen-printed electrodes or conventional electrodes.
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Figure S1. A) Schematic diagram and B) image of the 8-channel electrochemical screen-printed

electrodes.

S2. Equivalent circuit employed for the impedimetric measurements

The equivalent circuit used to fit the impedimetric response for the different cases was the Randles
circuit (Figure S2). This circuit is composed by the solution resistance (Rs), charge transfer resistance
(Rct), capacitance of the double layer (Cdl) and Warburg diffusion element (W). Its is interesting to

mention that this circuit was enough to successfully fit the response, and it was not necessary to add



other elements that would affect the impedimetric response, such as the effect of the porous

semiconductor materials, which is coating the electrode surface.
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Figure S2. Randles equivalent circuit employed for fitting the impedimetric responses.

S3. X-Ray Diffraction spectra

(113)
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Figure S3. X-Ray diffractograms for a) TiIPNPs (coincident with JCPDS No. 33-1296, see also

reference [1]) and b) CuTiPNPs.



S4. Infrared spectra of the titanium phosphate nanoparticles

The complete infrared spectra for TiPNPs, CuTiPNPs and CuTiPNPs-OH are shown in the Figure S4.

3500 3000 2500 2000 1500 - 1000 em™ 500

Figure S4. Complete IR spectra obtained for TiPNPs, CuTiPNPs and CuTiPNPs-OH.

S5. Size distributions estimated by Transmission electron microscopy

The size distribution of the nanoparticles (Figure S5) was estimated by analyzing the micrographs
obtained by transmission electron microscopy of the different syntthesized products (TiPNPs,

CuTiPNPs and CuTiPNPs-OH). The average size for the nanoparticles was 30+5 nm, 31+5 nm and

2845 nm, respectively.
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CuTiPNPs and C) CuTiPNPs-OH.
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Figure S5. Size distributions estimated by transmission electron microscopy of A) TiPNPs, B)
CuTiPNPs-OH

Table S1. Binding energies of the peaks obtained in the XPS spectra for TiPNPs, CuTiPNPs and
Cu2p3/2 is shown in red color. The Ols peak shows two components: the most intense (84-89%) is
assigned to O” of the structure and the peak with lower intensity (11-16%) is assigned to adsorbed

CuTiPNPs-OH. The value of the ratio between the areas of the satellite line and main peak for

S6. Binding energies of the X-ray Photoelectron Spectroscopy measurements

molecular water.



Table S2. Surface atomic ratios obtained from the XPS data fot TiPNPs, CuTiPNPs and CuTiPNPs-

OH.

Cu/Ti P/Ti Na/Ti

TiPNPs - 4.170 0.493

CuTiPNPs 1.214 2.412 0.268

CuTiPNPs-OH 1.371 1.933 0.149

S7. Electrochemical behavior of ferrocyanide at bare and modified electrodes

The electrochemical behavior of a model redox species such as ferrocyanide was studied using bare
and CuTiPNPs-modified screen-printed carbon electrodes. Figure S6 shows the voltammetric
response obtained for 5 mM of [Fe(CN)s]* in 0.1 M KCl after applying a cyclic sweep from 0 to +0.7
V at different scan rates (10, 25, 50, 100 and 250 mV/s). An anodic and cathodic process can be
observed, which can be asigned to the oxidation of [Fe(CN)s]* to [Fe(CN)s]> and the correspondent
reduction. Figure 4A in the main manuscript shows the voltammetric response obtained in the same
experimental conditions using CuTiPNPs-modified electrodes. The behavior obtained was very
similar in both cases, so the modification with CuTiPNPs did not appear to significantly affect the
electrochemical reaction. However, the variation of the anodic peak current with the scan rate was
studied in order to understand if the modification with the porous semiconductor nanomaterial could
affect the mass transfer to the electrode. The anodic peak current was plotted in function of the square
root of the scan rate (Figure S7). For an electrochemical reaction limited by the diffusion of the
species to the electrode surface, this variation should be linear according to the Randles-Sevcik
equation (equation 1 in the main manuscript). As shown in Figure S7, for bare and modified
electrodes, the peak current was proportional to the square root of the scan rate, suggesting that the

electrochemical reaction behaves similarly in both cases.
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Figure S6. Cyclic voltammetry of ferrocyanide at different scan rates (10, 25, 50, 100 and 250 mV/s)

using bare screen-printed carbon electrodes.
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Figure S7. A) Relationship of the peak current with the square root of the scan rate for CuTiPNPs-
modified electrodes. B) Relationship of the peak current with the square root of the scan rate for bare

screen-printed electrodes.

Additionally, the potential at which the anodic and cathodic peaks appear, the difference between the
peak potentials, and its variation with the scan rate, could provide qualitative information on the
kinetics of the electrochemical reaction. Values for these parameters obtained for bare and CuTiPNPs-

modified electrodes are shown in the Table S2. These data show that the difference in the peak



potentials at bare and modified electrodes is very narrow. Therefore, the voltammetric data obtained
with the ferrocyanide species does not show any effect of the modification with CuTiPNPs to the
electron transfer or the mass transfer in this reaction. The peak potential difference is similar and
increased with the scan rate for both cases, indicative of an irreversible process. For these reasons, the
electrochemical impedance spectroscopy measurements were very interesting in order to understand

the effect of these nanoparticles in the electron transfer, as explained in the manuscript.

Tabla S3. Voltammetric data (anodic peak potential (Epa), cathodic peak potential (Epc) and peak
potential difference (AEp)) obtained at bare and CuTiPNPs-modified screen-printed electrode using

ferrocyanide at different scan rates (v).

SPCE CuTiPNPs
v (mV/s)
Epa (mV) Epc(mV) AEp (mV) | Epa(mV) Epc (mV) AEp (mV)
10 290+3 20012 90 295+2 200+1 95
25 292+2 19443 98 297+1 194+1 103
50 29143 18414 107 309+4 19743 112
100 302+1 17643 126 32142 18842 133
500 31712 170+1 147 33343 17612 157




S8. Chronoamperometric response for bare and modified electrodes in absence of glucose
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Figura S8. Chronoamperometric response at +0.6 V for a NaOH 0.1 M solution using bare screen-
printed electrodes (black curve) and electrodes modified with 2 mg/mL of CuTiPNPs (red curve). A
higher quasi-stationary current is obtained for the modified electrodes due to the Cu(Il) oxidation at

these potentials.

S9. Influence of the scan rate in the electrocatalytic response

Figure S9A shows the voltammetric response obtained at different scan rates (10, 25, 50, 100 mV/s)
in a solution of 10 mM of glucose (0.1 M NaOH) using CuTiPNPs-modified electrodes. Figure S9B
shows the variation of the peak current with the square root of the scan rate. This relationship is linear,
suggesting that the catalytic process of the glucose oxidation is limited by the diffusion of species to
the electrode surface. As in the electrocatalytic reaction, both glucose and OH" ions in the solution are
involved, it is unclear which of the two species is the limiting one, or even if both could have a

significant effect.
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Figure S9. A) Linear-sweep voltammograms for 10 mM of glucose at different scan rates (10, 25, 50

and 100 mV/s). B) Relationship between the peak current and the square root of the scan rate.

S10. Optimization of the experimental conditions for the glucose detection

The performance of electrochemical device using CuTiPNPs and 8xSPCEs for the oxidation of
glucose was optimized by varying different experimental conditions such as the amount of CuTiPNPs
deposited on the electrode surface or the effect of the applied potential. The results are described in
the Supporting Information. 0.1 M NaOH was chosen as the electrolytic medium as it is the standard
medium for the non-enzymatic detection of glucose using copper or nickel-based nanomaterials.

The effect of the amount of CuTiPNPs deposited on the electrode surface was examined. Several
SPCEs were modified with 4 uLL of a CuTiPNPs dispersion in H,O with different concentrations (1, 2,
5,7, 10 and 20 mg mL™"). Chronoamperometry was performed by applying a potential of +0.6 V for
60 s. As shown in Figure S10A, a variation of the analytical signal for the background (0.1 M NaOH)
and for a solution containing 1 mM of glucose was found. The ratio between the current obtained for
the glucose solution and the background reaches a maximum for a concentration of 5 mg mL™" of
CuTiPNPs. At higher concentrations, the ratio decreases, probably due to the difficulty to generate a
homogenous film on the electrode surface under these conditions.

The effect of the applied potential (+0.3, +0.4, +0.5, +0.6 V) on the signal/background ratio using a

0.5 mM solution of glucose was also evaluated. The analytical signal increased until a potential of

10



+0.5 V, remaining rather constant at more positive potentials, while that the background signal

increased using more positive potentials (Figure S10B). Therefore, +0.5 V was selected as the most

suitable potential for the glucose determination.
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Figure S10. A) Effect of the CuTiPNPs concentration on the chronoamperometric quasi-stationary
current for I mM of glucose (green) and blank solution (grey). B) Effect of the applied potential on

the chronoamperometric quasi-stationary current for 0.5 mM of glucose (green) and blank solution

(grey).

S11. Interference study of the electrochemical device

In order to evaluate the selectivity of the electrochemical device towards glucose oxidation, several
possible interfering species were tested. For instance, some electroactive species possibly coexisting
in clinical samples such as dopamine, uric acid and ascorbic acid were measured with the device on
the same conditions as for glucose using a 0.1 mM concentration of the interfering species in 0.1 M
NaOH. Considering that in human serum the glucose concentration is at least 30 times higher than the
concentration of AA, UA and DA[2], a solution of I mM (only 10 times higher) of glucose was used
for comparison. A minor response was observed for DA and UA compared to the background signal
(Figure S11A). However, the chronoamperometric signal for 1 mM glucose was significantly higher
than the signal obtained for these species. Therefore, the device exhibit excellent selectivity towards

glucose in clinical samples. Furthermore, in order to evaluate the selectivity of the device for food

11



control, the response towards different sugars such as fructose, sucrose and xylose was studied. The
signal obtained for 100 uM of each sugar compared to the same concentration for glucose is shown in
Figure S11B. The device produced a minor response towards xylose and fructose, but significantly
lower than for glucose detection. Therefore, it can be concluded that the non-enzymatic
electrochemical device has a good selectivity for glucose over other sugars, as have been reported for

other copper-based electrodes[2].
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Figure S11. A) Chronoamperometric quasi-stationary current obtained for 1 mM of glucose (Glu), 0.1
mM of dopamine (DA), 0.1 mM of uric acid (UA) or 0.1 mM of ascorbic acid (AA). B)
Chronoamperometric quasi-stationary current obtained for 0.1 mM of several sugars and a blank

solution.

S12. Determination of glucose in blood samples

Firstly, as was described in the main manuscript, glucose determination was peformed on blood
samples after an initial pretreatment with the aim of separating the protein material and with the
appropriate dilution to obtain a response within the calibration linear range (0.025 - 2 mM). A scheme
of this pretreatment is shown at the top of the Figure S12. The resulting solution was measured by
chronoamperometry under the optimized conditions and the obtained current was employed for
obtaining the concentration value from the calibration plot (Figure 7A of the main manuscript). The
result obtained was 6716 mg/dL, which was well below the value obtained with a commercial
glucometer (91+£7 mg/dL). Therefore, the determination of glucose was performed by the standard

12



additions method (Figure S13) using the diluted plasma solution after performing the pretreatment of
the blood (Figure S12). Under these conditions, the results obtained agreed with those obtained by the
commercial glucometer (results described in the main manuscript), suggesting that some matrix issues

could be present in the direct determination.
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Figure S12. Scheme of the procedure for the blood sample preparation and the standard additions

method.
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Figure S13. Standard additions plot for the determination of glucose in a blood sample.
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