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Abstract

The synthesis of Co-based two-dimensional (2D) metal azolate framework nanosheets (MAF-5-Co" NS) is described using a
simple hydrothermal method. The product was isostructural to MAF-5 (Zn). The as-prepared MAF-5-Co" NS exhibited high
surface area (1155 m?*/g), purity, and crystallinity. The MAF-5-Co" NS—modified screen-printed electrode (MAF-5-Co" NS/
SPE) was used for nonenzymatic detection of glucose in diluted human blood plasma (BP) samples with phosphate buffer saline
(PBS, pH 7.4) and NaOH (0.1 M, pH 13.0) solutions. The MAF-5-Co" NS nanozyme displayed good redox activity in both
neutral and alkaline media with the formation of Co"/Co™ redox pair, which induced the catalytic oxidation of glucose. Under
the optimized detection potential, the sensor presented a chronoamperometric current response for the oxidation of glucose with
two wide concentration ranges in PBS-diluted (62.80 to 180 uM and 305 to 8055 uM) and NaOH-diluted (58.90 to 117.6 uM
and 180 to 10,055 uM) BP samples, which were within the limit of blood glucose levels of diabetic patients before (4.4—7.2 mM)
and after (10 mM) meals (recommended by the American Diabetes Association). The sensor has a limit of detection of ca. 0.25
and 0.05 uM, respectively, and maximum sensitivity of ca. 36.55 and 1361.65 mA/cm?*/mM, respectively, in PBS- and NaOH-
diluted BP samples. The sensor also displayed excellent stability in the neutral and alkaline media due to the existence of
hydrophobic linkers (2-ethyl imidazole) in the MAF-5-Co™ NS, good repeatability and reproducibility, and interference-free
signals. Thus, MAF-5-Co" NS is a promising nanozyme for the development of the disposable type of sensor for glucose
detection in human body fluids.

Keywords Metal azolate framework - Glucose detection - Chronoamperometry - Human blood plasma - Neutral and alkaline
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oxygen dependency of the first-generation glucose sensor is suc-
cessfully eliminated in the second-generation glucose sensor by
introducing a nonphysiological redox mediator that can transport
electrons from the GOy to the sensing electrode [5]. Then, a third-
generation glucose sensor was developed based on the direct
electron transfer between the GOy and the sensing electrode, thus
overcoming the necessity of both mediator and oxygen [6, 7].
These second- and third-generation glucose sensors, still based
on GO,, can successfully solve the oxygen dependency prob-
lems of the first-generation glucose sensors, widely used for self-
monitoring of blood glucose levels; however, the stability issues
of GOy still apply. Moreover, these enzyme-based glucose sen-
sors are hardly free from thermal or chemical deformation during
their manufacturing processes, storage and usage [4].

Recently, the introduction of nanozymes or enzymeless
catalysts has been attracting significant attention for the detec-
tion of glucose, which can successfully solve all the limita-
tions of first- to third-generation glucose sensor technologies.
In a nonenzymatic or so-called fourth-generation glucose sen-
sor, nanostructured and catalytically active nanozymes are
used as electrode modifiers that can catalyze the oxidation of
glucose directly to gluconolactone, thus providing measurable
electrical signals [4, 8]. The commonly used nanozymes for
enzymeless detection of glucose are metal nanostructures (Ni,
Pt, Au, Cu, and Co) [9, 10] and their alloys/composites
[9-12], metal oxides and sulfides [3, 13, 14], graphene nano-
composite [15], and metal-organic frameworks (MOFs)
[16-19]. Most of these nanozymes cannot catalyze the oxida-
tion of glucose at physiological pH conditions, as they operate
in basic medium, which limits the instant detection of glucose
in biological fluids [8, 9]. The nonenzymatic detection of glu-
cose in a basic medium directly through nanozyme-modified
electrodes is also promising since it resolves the necessity of
complex enzyme immobilization processes and demonstrates
a new direction to detect glucose selectively without enzyme.
However, the nonenzymatic sensing of glucose in a basic
medium is time-consuming and requires costly pre-/post-con-
ditioning of biological fluids before detection. This precludes
the real-time monitoring of glucose directly from biological
fluids. Therefore, there is an utmost need for novel materials
that can directly oxidize glucose at physiological pH condi-
tions and lead the nonenzymatic glucose sensor technology
from bench to practical applications.

To date, a limited number of nanozymes have been report-
ed for the enzymeless electrochemical oxidation of glucose at
physiological pH conditions, which has recently been summa-
rized by our research group [20]. So far, bare Pt and Au nano-
structures and their composites are the widely investigated
nanozymes for the electrochemical oxidation of glucose at
physiological pH, including Au/Pt black/Nafion [21], Pt elec-
trodes [22], carbon-supported Pt,Fe alloy nanoparticles (NPs)
[23], PtNi NP/graphene composites [24], TiO,/poly(3-
aminophenyl boronic acid)/Au NP composites [25], PtNi
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NPs [11], and Au NP/carbon nanotubes [26]. Though the Pt
and Au noble metal nanostructures and their alloys/
composites presented good catalytic activity for enzymeless
oxidation of glucose at physiological pH, both of them
displayed the disadvantages of high-cost and suffered from
the poisoning effect from adsorbed intermediates [26]. In ad-
dition, Pt-based materials displayed a strong ability of protein
adsorption and poor selectivity toward glucose oxidation, due
to the capability of oxidizing other biomolecules [4]. This can
prompt an unstable signal, and, as a result, the sensor is unable
to respond correctly to variations of glucose concentration.
Furthermore, the large-scale synthesis of these expensive Pt
and Au composites nanozymes is tedious and time-consum-
ing, which restricts their commercial application for glucose
sensing with high reproducibility. Thus, there is a necessity in
developing novel nanozymes that can catalyze the oxidation
of glucose with high selectivity, sensitivity, and specificity at
physiological pH as a single material.

Recently, metal-organic frameworks (MOFs), porous coordi-
nation polymers of metal ions and organic linkers, have attracted
massive interest in the nonenzymatic detection of glucose due to
their organic (as linkers) and inorganic (central metal atoms)
properties [16, 17]. This is owing to the combination of metal
ions or their clusters into the MOFs, which displayed good
electrochemical redox activity to catalyze the oxidation of glu-
cose [27]. Additionally, MOFs exhibit various shapes and struc-
tures (including one-, two-, and three-dimensional assembly)
and high surface-to-volume ratio, which provides an improved
electrocatalytic activity for the oxidation reaction of glucose [16,
17] and other targeted biomolecules, including H,O, [28], L-
cysteine [29], tryptophan [30] and glutathione [31].
Nevertheless, most of the reported MOFs and MOF composites
cannot catalyze the oxidation of glucose at physiological pH
media. They typically work at basic pH [16, 17, 32].
Additionally, the low chemical and electrochemical stability of
MOFs in an aqueous (neutral, acidic, and basic) medium and the
low electrical conductivity restrict their practical application for
nonenzymatic glucose sensing [28]. To overcome some of these
limitations of MOFs, metal azolate frameworks (MAFS), a sub-
class of MOF materials, have been proposed as an attractive
alternative to MOFs, for the devolvement of nonenzymatic glu-
cose sensors with high stability and reproducibility [17]. In
fact, MAFs exhibit high stability in aqueous media, due to
the presence of inert/hydrophobic linkers (e.g.,
imidazolate, 1,2,4-triazolate, and pyrazolate) adjacent to
the metal centers [33, 34]. Despite this characteristic, the
application of MAFs for nonenzymatic glucose detection is
hardly found in the literature. This is possibly due to the
fact that common MAFs still exhibit poor electrical con-
ductivity and reduced redox activity in both physiological
pH and basic media. Recently, Lopa et al. [17] have devel-
oped a MAF, which can catalyze glucose oxidation in an
alkaline medium and within a narrow dynamic range,
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which is not appropriate to detect glucose within the rele-
vant glucose concentration range in biological samples.
Hence, there appears the need to develop a novel MAF,
exhibiting high electrochemical stability and ability to cat-
alyze the oxidation of glucose in both physiological pH
and alkaline media with high sensitivity and selectivity.

Herein, a two-dimensional (2D) nanosheet of MAF-5-Co'!
(MAF-5-Co'" NS) was synthesized via a simple hydrothermal
method. MAF-5-Co" was selected due to its scalable and easy
synthesis at room temperature without the necessity for high
vacuum and high-temperature conditions, allowing the appli-
cability of this material at a large scale. Besides, Co metal is
less expensive compared to Au and Pt, and it is highly elec-
trocatalytic and electrochemically stable for the oxidation of
glucose at neutral conditions. The 2D morphologies of MAF-
5-Co'! NS, with thicknesses at nanoscale levels, can provide
the desired high surface-to-volume ratio and, consequently, a
large number of electrocatalytic active sites, able to display
good catalytic activity for the oxidation of glucose in both
physiological pH and alkaline medium. In this paper, in par-
ticular, a MAF-5-Co" NS nanozyme-modified screen-printed
electrode (MAF-5-Co" NS/SPE) sensor is fabricated and then
used for enzymeless detection of glucose in blood plasma
(BP) samples diluted with phosphate buffer saline (PBS,
pH 7.4) and NaOH (0.1 M) solutions. The sensor presents
high sensitivity, specificity, electrochemical stability, and
good accuracy in both (PBS, pH 7.4) and NaOH (0.1 M)
media.

Experimental section
Materials and reagents

Cobalt (IT) acetate (Co(OAc),) (99.995% trace metals basis),
2-ethylimidazole (98%) (EIM), benzene (99.9%), cyclohex-
ane (99.5%), ethanol (99.99%), D-(+)- glucose (99.5%), fruc-
tose, lactose, galactose, Nafion® 117 (5% in a mixture of low
aliphatic alcohols and water), and NaOH were purchased from
Sigma-Aldrich. Dulbecco’s PBS (pH 7.4) without calcium
and magnesium chloride was procured from Thermo Fisher
Scientific. SPE-110 was purchased from 2 Metrohm
DropSens. Ultrapure water was obtained from Milli Q
Biocell water purifying system and used throughout the ex-
periment. PBS with a pH of 7.4 and aqueous NaOH (0.1 M,
pH 13.0) were used throughout the experiment unless other-
wise stated.

Apparatus and measurements
The morphology of the MAF was examined by a field-emission

scanning electron microscope (FE-SEM, Carl Zeiss Sigma VP)
and a high-resolution transmission electron (HR-TEM, JEM-

2100 (HRP)). Elemental analyses were executed using energy-
dispersive X-ray spectroscopy (EDS) (Quantax 200) equipped
with the FE-SEM. The crystallographic phase of the sample was
collected by an X-ray diffractometer (Philips Xpert, Cu K, ra-
diation). The elemental composition and the oxidation state of
the sample were examined with an X-ray photoelectron spec-
troscopy system (XPS, Thermo Scientific™ K-Alpha, Thermo
Fisher Scientific). The functional groups in the MAF were char-
acterized by Fourier transform infrared (FTIR) spectroscopy
(MIDAC, M4000). Thermogravimetric analysis (TGA) was
performed in the temperature range 30700 °C in atmospheric
conditions. The N, adsorption isotherm was obtained at —190
°C, after evacuation at 110 °C for 12 h, using a surface area
analyzer (Micromeritics, Tristar IT 3020, USA). All electro-
chemical measurements were performed using a CHI760B
potentiostat (CH Instrument, Texas, USA). Disposable screen-
printed electrodes (SPEs) (from DropSens Metrohm), in the
three-electrode configuration, consisted of a carbon disk work-
ing electrode (active area 0.125 cm?), a carbon ring as an auxil-
iary electrode, and an Ag/AgCl as the reference electrode. The
working electrode was coated with MAF-5-Co" NS (MAF-5-
Co"" NS/SPE) as specified below. For comparison, measure-
ments were also performed using the MAF-5-Co" NS-free na-
ked carbon disk of SPE.

Synthesis of MAF-5-Co" NS

Figure 1a shows the schematic of the synthesis of MAF-5-
Co''NS. Briefly, 0.1 g of Co(OAc), was dissolved in water
(25 mL) as a first solution. A second solution was prepared
by dissolving 0.3 g of EIM in a mixture of water and ben-
zene (65:10 v/v). These solutions were rapidly mixed and
stirred at room temperature for 30 min. Then, the resultant
blue-colored suspension was centrifuged at 6000 RPM for
10 min. The precipitate was washed with water and ethanol
several times by the centrifuge method. Finally, the blue-
colored powder was dried in a vacuum drying oven at 100
°C for 2 h and stored for further characterizations and
applications.

Preparation of glucose sensor

A suspension of MAF-5-Co™ NS (2 mg/mL) was dis-
persed in a medium containing ethanol and Nafion®117
(1.5:0.5 v/v) by bath sonication for 1 h. Note that
Nafion®117 is acting as a binder for the attachment of
MAF-5-Co" NS onto the SPE electrode. Around 20 uL of
the above suspension was drop cast onto the carbon disk
working electrode of SPE and dried at 60 °C for 1 h. The
as-prepared MAF-5-Co'" NS/SPE was directly used for
the detection of glucose.
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Results and discussions
XRD, FTIR, and surface area analyses of MAF-5-Co" NS

Figure 1b shows the X-ray diffraction (XRD) pattern of the
synthesized MAF -5-Co"' NS, of Co(OAc), precursor, and that
simulated for MAF-5 (Zn). To elucidate the exact simulated
and fingerprinted XRD pattern of the MAF-5-Co", the prep-
aration of single-crystal analysis and the corresponding XRD
analysis was beyond the scope of this research. It is notewor-
thy that there is no available computed or single-crystal anal-
ysis of crystallographic information for MAF-5-Co".
However, the XRD pattern of MAF -5-Co" NS and MAF-5
(Zn) matches well, indicating that MAF-5-Co™ NS is
isostructural with MAF-5 (Zn) [33, 35]. The sharp and intense
major XRD peaks of MAF-5-Co" with the 4kl reflections of
(211), (220), (321), (400), (332), and (521) at 20 angle values
ofca. 8.05,9.51,12.25, 13.25, 15.51 and 18.25°, respectively,
point to its high crystallinity. The major XRD peaks of
Co(OAc), precursor was located at 20 angle values of 7.46,
8.35 and 10.30°, which do not overlap with the XRD peaks of
MAEF-5-Co", suggesting the successful synthesis of MAF-5-
Co" and its high purity. FTIR spectra of MAF-5-Co" NS and
EIM were measured to investigate the nature of the chemical
bonding and are shown in Fig. 1c. The FTIR spectrum of EIM
shows the characteristic strong absorption bands of C—N,
C=N, and C=C stretching at ca. 1046, 1457, and 1570 cm !,
respectively, together with a wide band of N-H stretching in
the range of ca. 25003150 cm ' [17]. The synthesized MAF-
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5-Co" NS shows a similar strong absorption band of C—N,
C=N, and C=C at ca. 1050, 1450, and 1570 cmﬁl, respective-
ly. However, the FTIR spectra of MAF-5-Co"" NS exhibits a
strong decrease of the N—H stretching band and the appear-
ance of a strong band at 610 cm ™', The latter can be assigned
to the Co—N stretching, due to the formation of a Co—N coor-
dination bond [17], which is in agreement with the bonds
expected in MAF-5-Co" NS.

The surface area (SAggt) of the MAF-5-Co' N'S was mea-
sured from the N, adsorption isotherm (Fig. 1d). SAggr of ca.
1155 m?*/g was found. The high SAgpr MAF-5-Co™" NS is
advantageous, as it allows increasing the number of catalyti-
cally active sites, and this can provide an increased rate of
reaction.

We also investigated the thermal stability of the MAF-5-
Co" NS using TGA (Fig. S1). The TGA plot displayed two-
steps weight loss. The first-step weight loss of ca. 10% up to
200 °C can be ascribed to the removal of chemisorbed water,
guest molecules, and unreacted species [16, 17]. The sharper
second-step weight loss of ca. 35% can be ascribed to the
decomposition of the MAF-5-Co" framework. This implies
that MAF-5-Co"" is highly stable and well suitable for the
development of sensors functioning at room temperature.

Morphological characterization of MAF-5-Co" NS
The morphologies of the MAF-5-Co" NS was examined by

FE-SEM and HR-TEM. The FE-SEM image of MAF-5-Co"
NS (Fig. 2a) indicated the formation of 2D NS. The HR-TEM
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Fig. 2 a FE-SEM and b HR-
TEM images of MAF-5-Co™ NS.
b SAED pattern and d EDS
spectra of MAF-5-Co™ NS

image (Fig. 2b) further designates the formation of 2D MAF-
5-Co" NS. The high transparency of the electron beam of the
MAF in the HR-TEM image suggests the formation of thinner
NS without the existence of aggregation. The SAED pattern of
the MAF-5-Co™ NS exhibited a bright ring pattern with bright
spots with the ikl reflections of (211), (220), and (321) (Fig.
2¢). This is consistent with the XRD results and further indi-
cates the good crystallinity of MAF-5-Co"' N'S. The EDS anal-
ysis of MAF-5-Co™ NS (Fig. 2d) shows peaks coming from
Co, N, and C atoms (the Cu peaks originating from the HR-
TEM grid), further indicating the formation of MAF-5-Co"
NS with high purity.

XPS characterization of MAF-5-Co" NS

The elemental composition and the oxidation state of Co in
MAF were investigated by XPS. Figure 3a shows a survey
XPS spectrum (100900 eV) of MAF-5-Co™ N§S, in which the
characteristic peaks of Co, N, and C elements appear. The
additional peak characteristic of elemental O arises, conceiv-
ably, from chemisorbed O,. Figures 3b—d show the core-level
XPS spectra of C 1s, N 1s, and Co 2p, respectively. The de-
convoluted high-resolution spectrum of C 1s exhibits three
peaks with variable intensity at the binding energies (BE) of
283.40, 284.80, and 287.50 eV. This could be ascribed to the
existence of C—C/C=C, C-N, and C=N bonding characteris-
tics, respectively, in the MAF-5-Co" NS and agree well with
literature reports [36, 37]. The de-convoluted core-level N 1s
spectrum shows two peaks of C=N and C-N at the BEs of

- CoLa

T T T T T
1.00 200 3.00 4.00 5.00 6.00 7.00 8.00

keV

900 1000

397.60 and 398.70 eV, respectively [36]. The bonding nature
of C—C and C—N in the C 1s and N 1s spectra indicates the
presence of EIM linkers in the MAF-5-Co" NS. The high-
resolution XPS spectra of Co 2p exhibit two main peaks at
the BEs of ca. 779.80 and 795.60 eV with the separation of
15.8 eV, which is consistent with the previous reports [17, 38].
The former peak could be assigned to the Co 2ps,, while the
latter to the Co 2p;,,. Both Co 2ps3, and Co 2p;,, peaks
showed their corresponding strong satellite peaks at the BEs
ofca. 784.22 and 801.30 eV, respectively. This result suggests
that the oxidation state of Co in the MAF is +2 [18, 39].
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Fig. 3 a XPS survey spectra of MAF-5-Co™ NS. High-resolution XPS
spectra of b C 1s, ¢ N 1s, and d Co 2p in MAF-5-Co"' NS
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Electrochemical characterization MAF-5-Co" NS for
glucose oxidation

Figure 4a shows the schematic representation of the preparation
of the MAF-5-Co" NS—-modified SPE electrode (MAF-5-Co™
NS/SPE), while the detailed procedure is described in
Section 2.4. Preliminarily, the MAF-5-Co" NS/SPE electrode
was characterized by cyclic voltammetry (CV) in a solution
containing 5 mM [Fe(CN)s]* ™ redox couple and 1 M KCl
(Fig. S2). At the bare SPE, the CV was characterized by a couple
of drown-out and distorted waves having a quite large peak-to-
peak separation, due, conceivably, to a high ohmic drop. The
CV recorded at the MAF-5-Co" NS/SPE displayed a high
charging current, congruently with the high real surface area
and mesoporous nature of the MAF material [40]. The current
densities of both oxidation and reduction peaks were lower,
while the peak-to-peak separation decreased to about 60 mV.
Seemingly, both anodic and cathodic peaks shifted toward less
positive potentials, which would suggest a catalytic effect due to
the material deposited onto the SPE surface. The observed
changes in the CV features can be, conceivably, ascribed to
the general low conductivity of MOF materials [17, 28] and to
the fact that the fairly reversible, one-electron process of the
[Fe(CN)]>"* system probably occurred at the relatively small
fraction of the SPE surface free from the MAF-5-Co" NS ma-
terial. This could provide a better-defined anodic/cathodic
voltammetric pattern. The electroactive surface area (A.g) of
the bare SPE and MAF-5-Co" NS/SPE were ca. 4.3 x 10>
and 2.9 x 10 cm?, respectively (see supporting information
for details), which is consistent with the electrocatalytic activity
of MAF-5-Co" NS/SPE electrode for [Fe(CN)s]> 7 redox
couple.

Figure 4b shows CVs recorded at uncoated SPE and
MAF-5-Co" NS/SPE in PBS in the absence and presence
of 2 mM of glucose. As is evident, at the bare SPE, in both
cases, negligible currents are recorded. This is consistent
with results reported previously for carbon-based elec-
trodes, where, essentially, no process due to glucose oxi-
dation was recorded, over the potential zone examined here
[41]. At the MAF-5-Co" NS/SPE, in the absence of glu-
cose, small anodic/cathodic features at potentials anodic to
0.3 V are observed, conceivably due to the Co**/Co>* re-
dox couple of the nanostructured material. Instead, in the
presence of glucose, an oxidation process, starting at about
0.3 V, develops, while an associated reduction process ap-
pears on scan reversal. Both the anodic (after 0.3 V) and
cathodic current densities have increased substantially,
though no oxidation peak is detectable. The current in-
crease can be ascribed to the catalytic action of MAF-5-
Co" NS towards glucose oxidation. Using the MAF-5-Co""
NS/SPE, a series of measurements was also performed at
different scan rates (Fig. 4c). Both anodic and cathodic
current density for glucose oxidation increased as the scan
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Fig.4 a Schematic illustration of the fabrication of MAF-5-Co™ NS/SPE P>
sensor and glucose measurement. b CVs of SPE and MAF-5-Co" NS/
SPE sensor in PBS in the absence and presence of glucose at a scan rate of
100 mV/s. ¢ CVs of glucose (2 mM) in PBS at the MAF -5-Co" NS/SPE
sensor with varying scan rates from 10 to 100 mV/s (inset shows the plot
of anodic current density at 0.4 V vs. root over scan rate). d CVs of SPE
and MAF-5-Co" NS/SPE sensor in NaOH solution in the absence and
presence of glucose at a scan rate of 100 mV/s. e CVs of glucose (2 mM)
in NaOH solution at the MAF-5-Co™ NS/SPE sensor with varying scan
rates from 10 to 100 mV/s (inset shows the plot of anodic peak current
density vs. root over scan rate). f Plausible mechanism for the electrocat-
alytic oxidation of glucose at the MAF-5-Co" NS/SPE sensor in both
PBS and NaOH solutions

rate increased. The anodic current density (J) at 0.4 V was
found to be proportional to the square root of the scan rate
(inset of Fig. 4c). The linear regression analysis of exper-
imental data provided the equation: J (pA/cm?)=1.57
(£0.02) xv!"? (mV/s)"?-2.14 (+ 0.21; R? =0.997), sug-
gesting the occurrence of a diffusion-controlled oxidation
process [42].

An investigation similar to that described above in PBS was
also performed in 0.1 M NaOH solution. Figure 4d shows CVs
obtained at SPE and MAF-5-Co" NS/SPE in the absence and
presence of 2 mM of glucose. Again, the bare SPE did not
exhibit any redox process both in the absence and presence of
glucose. MAF-5-Co" NS/SPE displayed clearly a couple of
oxidation (/) and reduction (I") peaks at ca. 0.35 and 0.17 V,
respectively, which can be attributed to the Co"/ Co™ redox
system of the MAF nanostructured material. A similar expla-
nation was given for the MOF family MAF —4-C0H, MIL-53-
Cr'", and CPO-27-Ni", involving the redox couple of the metal
ions present in their structures [16, 17, 28]. The addition of
2 mM glucose to the 0.1 M NaOH solution provided an in-
crease of the oxidation current density and a shift of the peak
potential toward less positive values. These results are a clear
indication of the high electrocatalytic activity of MAF-5-Co"
NS toward the oxidation of glucose to gluconolactone [16, 17].
CVs performed at different scan rates, over the range 10—
100 mV/s, also demonstrated that the oxidation peak current
density of glucose varied linearly with the square root of the
scan rate (Fig. 4e and inset of Fig. 4¢). The linear regression
analysis of the experimental data provided the equation: J (LA/
em?) = 102.60 (+ 1.61) xv'"? (mV/s)*-203.10 (+ 11.97)
(R*=0.998), suggesting the occurrence of a diffusion-
controlled oxidation process of glucose [42].

Based on the above results and by analogy with previously
reported works for similar materials [17], the enzymeless elec-
trochemical oxidation of glucose at the MAF-5-Co"! NS/SPE,
in both PBS and NaOH solutions, can be summarized as
follows:

MAF—-5—Co' - MAF—5-Co™" + ¢ (1)
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MAF—-5-Co'"" 4 glucose—MAF—5—Co'"

+ gluconolactone + H* (2)

A schematic representation of the mechanism is also pro-
vided in Fig. 4f. Therefore, the porous structure and the high
surface area of the of MAF-5-Co" NS favor the interaction
between the active form of MAF (i.e., the Co(Ill) site) with
glucose. It must be noted that both redox activity of the MAF-
5-Co" NS material and its catalytic activity toward the glucose
oxidation are lower in neutral pH compared to those in the
alkaline medium.

Detection of glucose in PBS and NaOH

Chronoamperometry (CA) was used to investigate the effect
of concentration of glucose on current density. Since with this
technique the applied potential plays an important role on the
sensitivity of the method [16], preliminarily, the most suited
potential was optimized both in PBS and 0.1 M NaOH solu-
tions containing 2 mM of glucose. The potential ranges ex-
plored were from 0.35 to 0.55 V in PBS and from 0.3 to
0.45 V in 0.1 M NaOH. Figure S3 shows typical current
against time profiles obtained under the various conditions,
while the steady-state currents at the various potentials are
summarized in the insets in Figs. 5a and b. It is evident that
the steady-state current increases, as the potential is made
more positive. However, it must be considered that higher
applied potentials could affect the selectivity of the sensor,
due to the presence of other oxidizing compounds. To mini-
mize interference effects, we selected 0.45 and 0.35 V as the
constant potentials to be applied for the detection of glucose in
PBS and NaOH solutions, respectively.

Figures 5a and b (main pictures) show the CA plots at a
range of glucose concentrations in PBS and NaOH solutions,
respectively. The plots of steady-state oxidation current
against glucose concentration are included in the insets (right
side) of Fig. 5a and b. As is evident, in both media, current
responses increase by increasing the glucose concentration.
However, linearity is observed in two well-defined concentra-
tion ranges. Dynamic ranges, linear regression equations, sen-
sitivities, and LODs under the different conditions are sum-
marized in Table 1. LODs were obtained at a signal-to-noise
ratio (S/N) of 3. The occurrence of the two linear ranges,
observed above in the calibration plots, has been reported
previously for other MOFs/MAFs [23, 24]. For the glucose
oxidation process, it was explained as due to the accumulation
of gluconolactone oxidation product within the porous struc-
ture of the material. At low concentrations, glucose spreads
within the sensor structure and is quickly oxidized by the
availability of a large number of active sites, providing current
responses characterized by high slope in the calibration plot.
On the other hand, at higher glucose concentrations, the higher
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Fig. 5 a CA responses of glucose oxidation in PBS with varying
concentrations from 7.80 to 10 mM (7.81, 15.6, 31.25, 62.6, 125, 250,
500, 1000, 2000, 4000, 6000, 8000, and 10,000 uM, respectively) at the
MAF-5-Co" NS/SPE sensor at an applied potential of 0.45 V (inset shows
the plots of current density vs. applied potential for the oxidation of
glucose (2 mM) and current density vs. [glucose] obtained from the CA
responses). b CA responses of glucose oxidation in NaOH solution with
varying concentrations from 7.80 to 10 mM (3.9, 15.6, 31.25, 62.6, 125,
250, 500, 1000, 2000, 4000, 6000, 8000, 10,000, and 12,000 M, respec-
tively) at the MAF-5-Co'" NS/SPE sensor at an applied potential of 0.35 V
(inset shows the plots of current density vs. applied potential for the
oxidation of glucose (2 mM) and current density vs. [glucose] obtained
from the CA responses)

amount of adsorbed oxidation product can act as a barrier for
glucose diffusion, which leads to current responses with a
lower slope in the calibration plot [43].

Considering data shown in Table 1, it is evident that the
analytical performance (e.g., sensitivity, LOD) of the sensor is
better in NaOH solution than in PBS. This could be ascribed
to the improved efficiency of MAF-5-Co"/MAF-5-Co™ redox
pair in recycling its active form. In general, the analytical
performance of the investigated sensor in PBS is comparable
to others involving nanomaterial systems used for the nonen-
zymatic glucose oxidation, while it is much higher in alkaline
media as summarized in Tables S1 and S2, respectively.
Therefore, MAF-5-Co™ NS represents a promising low-cost
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Table 1 Analytical performance

of the MAF-5-Co NS/SPE sen- Medium Dynamic range Linear regression equation R? Sensitivity LOD
sor under various experimental uA/em’/mM M
conditions. Cgy, is the concentra-
tion of glucose PBS 0.5 uM-10,000 mM T (uA/em?)=1.32 (+ 0.03)xCgpa (mM)+ 1.32 -
15.50 (20.13) (R*=0.997)
7.81 uM-250 uM J (uA/em?)=24.22 (+1.50)x Cgp, (MM)+ 24.22 0.30

PBS-diluted

305 uM—8055 UM

10.60 (+0.14) (R*=0.985)
J (uA/em?)=2.50 (£0.14) % Cgpy (mM)+ 2.50 -

BP 7.30 (£0.72) (R*=0.988)
62.80-180 UM J (nA/ecm?)=36.55 (1.55)%Cypy (MM)+ 36.55 0.25
1.98 (+0.17) (R*=0.997)
NaOH 250 pM—12 mM J (LA/em?)=66.50 (+1.76)xC gy (mMM)+ 66.50
313.0 (£6.20) (R*=0.995)
3.90-125 pM J (pA/em?)=1012.70 (£25.90) % Cgru 1012.70 0.09
(mM)+86.20 (£1.10) (R?=0.997)
NaOH-diluted 180 pM—=10,055 mM T (pA/em?)=80.43 (2:0.35)% Cgy (mM)+ 80.43
BP 114.70 (£1.75) (R*=0.999)
58.90-117.6 uM J (pA/em?)=1361.65 (£78.51)x Cgru 1361.65 0.05

(MM)+42.43 (+6.44) (R?=0.999)

material for the detection of glucose from biological fluids in
physiological pH and alkaline media.

Detection of glucose in diluted blood plasma

Blood plasma (BP) samples were collected from 40 healthy
volunteer donors without having diabetes at Centro di
Riferimento Oncologico di Aviano, National Cancer
Hospital, Italy. The average normal concentration of glucose
in the BP is considered equal to 5.5 mM [44]. A series of PBS
or 0.1 M NaOH solution—diluted BP samples (100 times) were
spiked with glucose in the range from 3.9 to 10 mM. In these
solutions, the total concentrations of glucose are the sum of
spiked concentrations and the normal concentration after di-
lution (55 uM). The corresponding CA plots for glucose ox-
idation at the MAF-5-Co" NS/SPE sensor are shown in
Figs. 6a and b, in PBS- and NaOH-diluted BP, respectively.
For both cases, the steady-state current of glucose oxidation
increased with increasing the concentration of glucose, which
also exhibited linear responses in two concentration ranges
(insets of Fig. 6a and b), as observed above in synthetic PBS
and NaOH solutions (Fig. 5). Dynamic ranges, linear regres-
sion equations, sensitivities, and LODs in both PBS and 0.1 M
NaOH-diluted BP samples are included in Table 1. These
results indicate that the MAF-5-Co™ NS is suitable for the
development of disposable type sensors for point-of-care de-
tection of glucose concentration in biological fluids at physi-
ological pH and alkaline medium.

Stability, selectivity, interference studies,
repeatability, and reproducibility

Long-term stability of the electrode materials is essential to
develop a reliable glucose sensor. This aspect was investigated

by CA (Fig. 6¢), using diluted BP samples (with either PBS or
0.1 M NaOH), spiked with 2 mM of glucose. It was found that
after 1000s, the glucose oxidation currents decreased of 3.95
and 8.10%, in PBS- and NaOH-diluted BP samples, respective-
ly, denoting good stability for a series of point-of-care measure-
ments. Furthermore, the stability of the sensor was also
assessed by performing a series of consecutive CVs cycles,
using diluted BP samples (with either PBS or 0.1 M NaOH),
spiked with 2 mM of glucose, as shown in Fig. 6d and e,
respectively. After 100 CV cycles, the anodic current for the
oxidation of glucose in both PBS- and NaOH-diluted BP sam-
ples remained essentially unchanged, suggesting the stability of
the material over a larger potential range.

The electrochemical stability of the MAF-5-Co" NS was
further evaluated by measuring the core-level XPS spectra of
Co 2p (Fig. S4) after performing 100 CV cycles in both PBS-
and NaOH-diluted BP samples. Both the XPS spectra showed
the unaltered peak position with similar intensities, which is
well-matched with the Co 2p spectra of as-synthesized MAF-
5-Co" NS (Fig. 3d), suggesting the high stability of MAF-5-
Co" in both alkaline and neutral media. This can be ascribed
to the existence of inert/hydrophobic EIM linkers in the MAF-
5-Co", which can easily hinder the attack of solvent (water) or
other molecules to the coordinated metal centers.

The selectivity of the sensor was investigated by CV using
other common sugar molecules, namely, fructose, galactose,
and lactose. Figure S5 shows the CVs for the oxidation of
fructose, galactose, and lactose (2 mM each) in PBS. The
almost unaltered CV responses for the oxidation of these sugar
molecules compared to the CV of the MAF-5-Co" NS/SPE
suggest the good specificity of the sensor for the oxidation of
glucose. The interference effect of the sensor for the oxidation
of glucose was investigated by CA in both PBS- and NaOH-
diluted BP samples, spiked with 2 mM glucose and 5 mM

@ Springer
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each of fructose, galactose, and lactose. Figure 6f summarizes
the steady-state oxidation current thus obtained, while the cor-
responding CA signals are shown in Fig. S6. The variation of
the glucose oxidation current in the presence of interfering
species was 5.6, 6.4, and 5.2%, in PBS-diluted BP samples
and 3.51, 7.4, and 12.2%, in NaOH-diluted BP samples, for
fructose, galactose, and lactose, respectively. These results
validate the good selectivity of the sensor for nonenzymatic
detection of glucose in BP.

The reproducibility of the sensor preparation was tested
using five independent sensors. The corresponding CA re-
sponses are shown in Fig. S7; the relative standard deviation
(RSD) in the oxidation current of 2 mM glucose was ca. 1.40
and 8.20%, for PBS- and NaOH-diluted glucose spiked BP
samples, respectively.

The repeatability of the sensor was studied after storing the
sensor for 3weeks in normal atmospheric conditions. The CA

@ Springer

responses for 2 mM glucose oxidation in PBS- and NaOH-
diluted BP samples, measured every week interval, are shown
in Fig. S8. RSD of 2.35 and 4.20% for PBS- and NaOH-
diluted BP samples, respectively, was found, indicating the
suitability of MAF-5-Co"" NS for the development of a dis-
posable glucose measurement system with high reproducibil-
ity and repeatability.

Conclusions

We successfully prepared a 2D MAF-5-Co"! NS nanozyme—
modified SPE electrode for the detection of glucose in PBS-
and NaOH-diluted BP samples. The MAF-5-Co" NS was
synthesized by a simple hydrothermal method. The as-
prepared nanostructured material displayed good purity and
crystallinity, as well as high surface area. The MAF-5-Co'' NS
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exhibited good redox activity, due to the occurrence of MAF-
5-Co"/MAF-5-Co™ redox pair. The redox system proved bet-
ter catalytic activity toward the oxidation process of glucose,
especially in alkaline medium. In addition, the sensor
displayed high electrochemical stability and excellent repeat-
ability and reproducibility in the different pH-based BP solu-
tions with negligible interferences from common interfering
compounds. It must be considered that, although the analytical
performance of the MAF-5-Co" NS/SPE sensor in PBS-
diluted BP solution is lower compared to that in the NaOH-
diluted BP solution, it is highly suitable for the direct detection
of glucose by developing a disposable type sensor from the
blood. Additionally, MAF-5-Co" NS can be utilized as a po-
tential catalytic electrode material to detect many other bio-
logically important compounds due to its good stability in
aqueous medium.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00604-021-04737-w.
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