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1. Introduction

Determination of sitagliptin in human plasma using
a smart electrochemical sensor based on
electroactive molecularly imprinted nanoparticlesy

Isma Hag,? Kaseb Alanazi,” Joanna Czulak,® Sabrina Di Masi, © ¢ Elena Piletska,?
Adnan Mujahid,@a Tajamal Hussain,® Sergey A. Piletsky® and Alvaro Garcia-Cruz ©*P

Sitagliptin is a hypoglycaemic agent used to reduce blood sugar levels in patients with type 2 diabetes
mellitus (T2DM). Real time monitoring of sitagliptin levels is crucial to prevent overdose, which might
cause liver, kidney and pancreatic diseases. As an alternative solution, a sitagliptin voltammetric sensor
was fabricated using artificial receptors called electroactive molecularly imprinted polymer nanoparticles
(nanoMIPs). The nanoMIP tagged with a redox probe (ferrocene) combines both the recognition and
reporting functions. Traditional electrochemical sensors determine the redox activity of an analyte. Thus,
they are influenced by interfering molecules and the nature of the sample. These innovative nanoMIPs
allow us to easily design and customise sensors, increase their sensitivity and minimise the cross
reactivity in biological samples. The present technology replaces the traditional enzyme-mediator pairs
used in traditional biosensors. The polymer composition was optimized “in silico” using docking and
screening methods. Nanoparticles were synthesized via free radical polymerization and a solid phase
method and then characterized by infrared spectroscopy (FTIR), transmission electron microscopy (TEM)
and dynamic light scattering (DLS). The specific sitagliptin nanoparticles were covalently immobilized on
platinum electrodes via silane and carbodiimide chemistry. The determination of sitagliptin in human
plasma by a nanoMIP sensor was assessed by differential pulse voltammetry (DPV). The sensor current
response was directly related to the change in nanoMIP conformation triggered by the analyte. The
optimisation of the sensor response was made by adjusting (i) the silane concentration, (i) nanoMIP
concentration, and (iii) immobilization time. The sensor measurements in plasma revealed high selectivity
and a sensitivity of 32.5 + 0.6 nA pM~! towards sitagliptin, and the limit of detection of the fabricated
sensor was found to be 0.06 pM. The sensor displayed a satisfactory performance for the determination
of sitagliptin in spiked human plasma, demonstrating the potential of this technology for drug monitoring
and clinical diagnosis.

causes an unusual increase in the blood sugar level due to
insulin resistance, which is a pancreatic hormone that regulates

Type 2 diabetes mellitus (T2DM) is an increasing global health
problem, closely linked to the epidemic of obesity and genetic
predisposition.™* Over the past three decades, the number of
people with diabetes mellitus has more than doubled globally
and mostly observed among children, adolescents and younger
adults.® T2DM is a chronic disease in human metabolism that
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body metabolism.” No cure has yet been found for T2DM. The
multiple pathogenetic disturbances involved in T2DM require
the use of a combination of lifestyle modifications and multiple
antidiabetic agents to maintain normoglycaemia.
Predominantly, sitagliptin and metformin are commonly
used together to improve the blood sugar levels in adults with
T2DM.>** Sitagliptin regulates the levels of insulin in the body
produced after eating and reduces blood sugar levels.”® Addi-
tionally, metformin decreases the glucose production in the
liver and the absorption of glucose by the intestines.” It is very
important to monitor sitagliptin blood levels because periodic
doses can seriously disturb the immune system. Sitagliptin
can also be associated with the development of serious hyper-
sensitivity reactions including e.g. anaphylaxis, angioedema
and serious skin reactions.”'* To determine sitagliptin in
human plasma, several analytical methods are used; the most

© 2021 The Author(s). Published by the Royal Society of Chemistry
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common include chromatography,**** tandem mass spectrom-
etry,”'® HPLC,""® spectrofluorometry,’ and spectrophotom-
etry.”*** The existing methods are summarized in Table 1. These
techniques present high sensitivity with low detection limits;
nonetheless, these methods are time consuming due to the
tedious protocols and extensive sample pre-treatment steps that
limit their use for point of care (PoC) diagnostics. Thus, there is
a need for an efficient, rapid and low cost method for sitagliptin
determination.

To overcome these analytical and practical challenges, elec-
trochemical sensors have been proposed.*” The electrochemical
sensors are a growing approach offering several benefits over
traditional analytical techniques such as miniaturization of
devices, portability, rapid response, reproducibility and high
sensitivity.** In addition, electrochemical sensing is a straight-
forward and effective approach for drug determination for PoC
diagnostics.** The classical approach in electrochemistry for
drug determination is the oxidation of the target analyte.**-*
Alternatively, the indirect detection of the target is possible by
using an external redox probe in solution.’*®** Both electro-
chemical methods present disadvantages such as poor perfor-
mance due to the matrix effect, deposition of by products and
cross-reactivity.*” The matrix effect is the signal distortion in
a reading, that occurs during the analysis of biological samples
(urine, plasma, saliva, etc.), caused by the presence of cells,
biomolecules, heterogeneity in ionic strength, pH, temperature,
etc.’®

Molecularly imprinted polymers (MIPs) were employed
successfully as biomimetic receptors in sensors for range of
different targets.**' These artificial receptors selectively bind to
the target analyte and give a highly sensitive response when
immobilized on electrochemical detectors.*>** Nevertheless,
there is still plenty of room for improvement of device inte-
gration and fabrication. The present technology is an
improvement of the “classic” MIP technology and provides an
opportunity to develop a superior alternative to existing
biosensors.*®

Previous MIP sensor technology incorporated ferrocene as
a redox marker into rigid MIP films and hard MIP microbeads
prepared by precipitation polymerization methods.”** The
working principle of these polymers is known as the “gate
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effect”, which is frequently used in sensors as a result of
changes in the morphology, diffusion and permeability of the
polymer triggered by specific interactions with the template
molecule.”®* However, the operation mode based on the
permeability of the polymeric membrane leads to the saturation
of the sensors and limits their use due to the solvents, pH and
buffers employed. Also, these sensors show cross-reactivity
especially in biological samples, limiting their applications
and performance in clinical applications.*”

The specific actuation of the polymers and selective binding
are obtained only at the nanoscale using electroactive molecu-
larly imprinted polymer nanoparticles (nanoMIPs), easily
prepared by solid phase synthesis.*” The operating mode of the
nanoMIPs relies on polymer actuation triggered by the recog-
nition of the analyte.>® Consequently, the analyte binds to the
nanoMIPs prompting a polymer conformational change, which
leads to the exposure of the ferrocene moieties and the increase
of the electron transfer at the electrode surface.’®** Thus,
swelling (or shrinking) would affect the density of ferrocene
moieties exposed on the surface of nanoparticles that are
anchored onto the electrode, thus affecting the electron transfer
rate.’® Consequently, the analyte recognition event generates
a detectable signal monitored via electrochemical techniques.
As a result, the sensor current response is directly related to the
analyte concentration, increasing the sensitivity and minimis-
ing the cross reactivity in biological samples.>*

Therefore, the present approach eliminates the necessity of
mediators or enzymes employed in traditional biosensors. The
present technology uses an advanced type of nanoMIP, which
combines the receptor and signalling functions.*® For this
reason, the nanoMIP formulation includes an electrochemi-
cally active ferrocene monomer (FcMMA).*>** The nanoMIP
actuation mechanism allows us to fabricate sensors with high
selectivity and sensitivity in biological samples.*>** Therefore,
the concentration of the analyte can be measured using vol-
tammetric techniques such as differential pulse voltammetry
(DPV) by following the nanoMIP electro-activity (Scheme 1).
This detection method is very convenient because it does not
require monitoring the redox activity of the analyte, which
might be affected by interferents present in biological
samples.

Table 1 Analytical techniques for sitagliptin determination in human plasma®

Detection method Linear dynamic range LOD RSD (%) Accuracy (%) Recovery (%) Ref.
HPLC-MS/MS 9.9-1583 nM 9.89 nM <7.5 101.23 =64 16
HTLC-MS/MS 0.02-12.26 nM 0.025 nM <4.2 99.2 99.5 17
CZE 19.1-191 yM 0.936 uM. =1.50 100.4 99.81 22
Spectrofluorometry 99-1385 nM 32.5 nM <2 99.3 99.87 23
Spectrofluorometry 0.4-2.7 uM 61.4 nM 0.96 100.2 100.54 24
LC-MS/MS 2.5-2455 nM 2.5 nM 2.68 100.3 100.01 25
LC-MS/MS 24.5-1227 nM 0.417 nM <1 >90 99.08 26
LC-MS/MS 0.25-1230 nM 0.736 nM <15 110 102.1 27
HPLC 0.19-5.73 uyM 0.134 pyM <5 100.07 101.41 28
RP-LC 0.5-15.83 pyM 0.099 uyM <2 99.6 100.81 29

“ High performance liquid chromatography mass spectrometry (HPLC-MS), high turbulence liquid chromatography (HTLC), capillary zone
electrophoresis (CZE), liquid chromatography/mass spectrometry (LC/MS), and reversed-phase liquid chromatography (RPLC).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Preparation and elution of high affinity sitagliptin nanoMIPs
(a) to (d) and (e) their use in the fabrication of sitagliptin sensors.

Herein, a sensor for sitagliptin was devised using electro-
active nanoMIPs. The specific sitagliptin nanoMIPs were
synthesized via free radical polymerization using the well-
established solid phase synthesis of MIP nanoparticles.**
Afterwards, the voltammetric sensors were prepared by immo-
bilizing nanoMIPs on screen-printed platinum electrodes
(SPPE) via silane and carbodiimide chemistry as shown in
Scheme 1. Finally, the voltammetric sensors were successfully
applied for the selective determination of sitagliptin in spiked
human plasma samples. In this work, various factors, such as
the nanoMIP concentration and immobilization conditions,
affecting the sensor response were investigated and optimized.
The technology presented here has several advantages, such as
simple preparation, portability, high sensitivity and selectivity,
extended shelf life and easy operation.

2. Experimental

2.1 Chemicals and reagents

Ammonium persulfate (APS), 1,2-bis(triethoxysilyl)ethane (BTSE),
N-(2-aminoethyl)-3-aminopropyltrimethoxysilane ~ (DAMO), 5-
(dimethylamino)naphthalene-1-sulfonyl ~ chloride = (DNSCI),
ethanol amine, ethylene glycol dimethyl bisacrylate (EGDMA), 1-
ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride
(EDC), ferrocenylmethyl methacrylate (FcMMA), N,N-dieth-
yldithiocarbamic acid benzyl ester (iniferter), methacrylic acid
(MAA), N,N'-methylene-bis-acrylamide (MBA), N-(3-aminopropyl)
methacrylamide hydrochloride (NAPMA), N-isopropylacrylamide

(NIPAM), sodium cyanoborohydride (NaBH;CN), sodium
hydroxide (NaOH), N-hydroxysuccinimide (NHS), phosphate
buffered saline (PBS), pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP), sulphuric acid (H,SO,),

tetramethyl-ethylene-diamine (TEMED), 2-(trifluoromethyl)acrylic
acid (TFMAA), trimethylolpropane trimethacrylate (TRIM), sita-
gliptin and metformin were purchased from Sigma-Aldrich, UK.
Glass microspheres, SPHERIGLASS® A-Glass 2429 (106-150 pm
diameter), were purchased from Potters Industries LLC. Ethylene
glycol methacrylate phosphate (EGMP) was acquired from Alfa-
chemistry, USA. Double-distilled ultrapure water (Millipore, UK)
was used for all experiments. All solvents and chemicals were of
HPLC or analytical grade and used without purification.

2.2 Instrumentation

Nitrogen plasma was used to activate and clean the surface of
screen printed electrodes (Emitech, K1050X RF Plasma Cleaner,
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50 W, 13.56 MHz RF for 5 min). Transmission electron
microscopy (TEM) images were obtained by using a JEOL JEM-
1400 TEM (accelerating voltage of 100 kV) coupled with
a Megaview III digital camera with iTEM software. Dynamic
light scattering (DLS) measurements were performed using
a Zetasizer Nano (Nano-S) from Richmond Scientific Instru-
ments Ltd (Lancashire, UK). For these measurements, 1 mL
solution of nanoparticles was ultra-sonicated for 3 min in order
to disrupt potential agglomerates. The infrared spectroscopy
analysis was performed using a Bruker Alpha platinum-ATR
FTIR spectrometer. For the elution of nanoMIPs, solid phase
extraction (SPE) tubes with a polyethylene frit (20 um porosity,
Supelco), disposable plastic syringes with a cellulose acetate
syringe filter (25 mm, 0.45 pm, Whatman) and a SnakeSkin
dialysis tubing (10 K MWCO, 22 mm diameter, 11 cm tubing
length, 3.3 mL em ™" Thermo Scientific) were used. The screen
printed platinum electrodes (SPPE, Dropsens DRP-550, Met-
rohm, UK) with dimensions of 3.4 x 1.0 x 0.05 cm (length X
width x height) were used for the sensor development. All the
electrochemical measurements were performed by using
a potentiostat/galvanostat/impedance analyzer (PalmSens4)
equipped with a cable connector for screen-printed electrodes.
The PSTrace software (PalmSens, Netherlands) controlled the
data acquisition.

2.3 Molecular modelling

Computational modelling of imprinted polymers was pioneered
by our group, and it is based on the screening and selection of
functional monomers using molecular mechanics.>”*®* Molec-
ular modelling was carried out in an HP Elite-Desk with two
Intel Core™Duo CPU E8400 and 3 GHz processors running on
a CentOS Linux 7 operating system. The software package used
was Sybil™ version 7.3 (Tripos Inc.) in a Gnome 2.28.2 (Linux)
environment. The sitagliptin molecule was screened against
a database of common functional monomers used in MIP
synthesis using the Leapfrog automated method available in the
Sybil molecular modelling package.”®®® The database used
consisted of 44 monomers, representing charged and neutral
forms, and the screening was performed for 200 000 iterations.

2.4 Synthesis of nanoMIPs

(a) Solid phase activation and silanization. 100 g of glass
microspheres (106-150 pm) were boiled for 15 min in 250 mL of
NaOH (3 M) and then thoroughly washed with double distilled
water. After that, glass microspheres were washed with 5 mM
PBS buffer (250 mL) until reaching pH 8. Later on, glass
microspheres were rinsed twice with distilled water and acetone
(75 mL) and dried for 10 min under vacuum, dried first at 70 °C
for 10 min and at 120 °C for 60 min. Silanization of glass
microspheres was performed by using a reflux system in
a solution of 0.24% (v/v) of BTSE and 6% (v/v) of DAMO in
anhydrous toluene for 8 h. Afterward, the reflux system was
cooled down and silanised glass microspheres were rinsed with
acetone (200 mL), vacuum dried for 10 min and cured for
60 min at 120 °C. The presence of amino groups was confirmed
using the DNSCL test (Fig. S17).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(b) Sitagliptin immobilisation on the solid phase. Glass
microspheres (80 g) were immersed in 7% (v/v) of glutaralde-
hyde in 10 mM PBS for 2 h (1 mL of solution per g of glass
microspheres) and then washed twice with double distilled
water. Subsequently, glass microspheres were incubated over-
night in sitagliptin solution (5 mg mL ™" in 5 mM PBS, pH 7.2) at
room temperature. Afterwards, they were washed with water
and incubated in 0.1 mM ethanolamine solution in 5 mM PBS
(80 mL) for 15 min. Subsequently, glass microspheres were
washed with doubled distilled water and incubated for 30 min
in 1 mg mL ™" of NaBH;CN (10 mM PBS) at room temperature.
Finally, the sitagliptin containing glass-beads were washed with
distilled water, dried at 50 °C and stored at 4 °C until use.

(c) Synthesis of sitagliptin imprinted nanoparticles (nano-
MIPs). The free radical polymerization on the solid phase was used
to synthesize nanoMIPs. Two different polymerization composi-
tions were studied and designed by molecular modelling, and the
polymer compositions are given in Table S1.7 The polymerization
mixture comprised functional monomers, cross-linkers, iniferters
and the redox label (FcMMA). All components were individually
dissolved in 1 mL of acetonitrile and then added to 17 mL of
acetonitrile. After that, 30 g of sitagliptin containing glass-beads
were added to the polymerization mixture and purged for 15 min
with nitrogen. Afterwards, the polymerization was initiated by
placing the mixture under a UV light source (0.5 Wem™*, 4 x 15 W
lamp) and then exposed for 60 seconds to complete the reaction.
Successively, the resulting nanoMIPs were eluted from the solid
phase using a SPE cartridge. Low affinity polymers and unreacted
monomers were removed by ten subsequent washings with
acetonitrile (100 mL at 0 °C). Subsequently, high affinity nanoMIPs
were eluted by five continuous washings with pre-heated acetoni-
trile (5 x 20 mL at 60 °C) as shown in Scheme 1. As a result, 100 mL
of nanoMIP solution were collected and concentrated by evapora-
tion to 10 mL (5 mg mL ") and then stored at 4 °C until further use.

(d) Purification of nanoMIPs. The concentrated nanoMIP
solution was diluted 1 to 10 in water and sonicated for 5 min.
Subsequently, a dialysis tubing membrane was filled with water
and incubated in 0.5 L of water for 5 min. The conditioned
membrane was then filled with 10 mL of the nanoMIP solution
and incubated in a constant water flow (17 mL min ") ina 0.5 L
volume for 4 h, and dialysis was monitored using UV-Vis spec-
troscopy. The dialyzed nanoMIPs were stored at 4 °C.

(e) Fabrication of the sitagliptin sensor. SPPE were activated
using nitrogen plasma and then incubated in a solution of 5%
water and 6% APTES in ethanol for 60 min. Later, the electrodes
were cured at 120 °C for 30 min. The nanoMIPs were covalently
immobilized on the working electrode by drop casting a mixture
of 50 uL of EDC (0.1 mg mL ') and 50 uL NHS (0.15 mg mL ') in
PBS and 100 uL of nanoMIPs (0.5 mg mL ') and incubated for
20 h. The resulting sensor was rinsed using double distilled
water, dried with nitrogen and then stored at 4 + 0.5 °C and
30% relative humidity.

2.5 Electrochemical measurements

The electrochemical response of sensors was investigated by
using differential pulse voltammetry (DPV) in the potential

© 2021 The Author(s). Published by the Royal Society of Chemistry
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range from —0.4 to 0.4 V (vs. Ag/AgCl), scan rate of 33 mV s/,
modulation amplitude of 200 mV, modulation time at 20 ms
and step potential of 50 mV. Samples (100 uL) were analyzed by
drop casting on the sensor surface and incubating for 3
minutes. Then, the DPV measurements were assessed. After
measuring the voltammetric sensor response, the data were
normalized by calculating the current change response using
the following equation: Al = %
the current change response, “I” indicates the current response
of the sample, and “I},”, the current response for zero concen-
tration of sitagliptin, background signal (buffer or plasma).
Thus, calibration plots were obtained by representing
a normalized current change response (Al) against the sita-
gliptin concentration. The limit of detection (LOD) was calcu-
lated conventionally from calibration curves (3 x SD/slope) and
each measurement was done in replicate. The limit of quanti-
fication (LOQ) was calculated as follows: (10 x SD/slope).

,, where “AI” represents

2.6 Determination of sitagliptin in human plasma samples

Sitagliptin standard solutions were prepared in PBS buffer
(5 mM, pH 7.2) in a concentration range of 100 to 2000 pM. The
spiked human plasma was prepared as follows: firstly, 0.5 mL of
human plasma was diluted in 5 mL of 10 mM PBS (pH 7.2). After
agitating for 3 min with a vortex, samples were centrifuged for
3 min at 3500 rpm. As a result, the supernatant was recovered
and filtered using a syringe with a micro membrane. Finally, the
human plasma was spiked in the concentration range from 100
PM to 2000 pM of sitagliptin.

3. Results and discussion
3.1 Molecular modelling

Molecular modelling is particularly essential for the design of
polymer compositions that involve different monomers and for
enhancing the molecular recognition of a target.”® First, the
sitagliptin structure was minimized (Fig. S21) and then
screened against the monomer database. The results obtained
after the monomer screening resulted in five potential func-
tional monomers, TFMAA, MBA, EGMP, MAA and NAPMA as
shown in Table S2.1 From that selection, the highest binding
scores were found for the combination of TFMAA
(—37.6 kJ mol ") and MBA (—31.84 kJ mol ') as shown in
Fig. $2.1 The combination of MAA (—28.18 k] mol ') and EGMP
(—29.32 k] mol ") also showed high binding scores. The TFMAA
and MAA monomers interact mainly with the primary amine
group of sitagliptin. Additionally, TFMAA interacts with the
amino group through polar interactions and with the carbonyl
group as well by Biirgi-Dunitz interactions. Similarly, MBA
contributes to the polymer interaction with the sitagliptin
molecule via dipole-dipole and hydrogen bond interactions in
the triazole cycle. The EGMP monomer interacts with the
primary amine group predominately via hydrogen bonds. The
NAPMA monomer interacts with the fluorine groups by polar
interactions and with the carbonyl group by hydrogen bonds.
Besides, NAPMA is used to confer thermos-responsive

Nanoscale Adv., 2021, 3, 4276-4285 | 4279
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properties to the polymers.®~* This feature is used to remove
the nanoparticles from the solid phase as shown in Scheme 1.
From these calculations, two formulations were proposed,
nanoMIP-1 involving the MAA-sitagliptin-MBA complex
(Fig. S3t) and the second formulation (nanoMIP-2) including
the TFMAA-sitagliptin-MBA complex (Fig. S27).

3.2 Characterization of nanoparticles

The chemical structure of nanoMIPs was analyzed by ATR-FTIR
spectroscopy as shown in Fig. S4.f NanoMIP-1 spectra display
the characteristic polyacrylamide network structure bands at
1296 cm™ ' (=C-N, §), 1309 cm ™' (C-N, 4), and 1722 cm ™' (C=
O, ¢). The polymer hydrocarbon bands appeared at 449, 2666,
and 2783 cm ' for (C-H, ¢) and also (C-H, ») at 956 and
1477 ecm™ . In addition, the carboxylic group from MAA was
observed at 2967 cm ' (O-H, ). However, nanoMIP-2 spectra
showed distinctive bands from the alkane chain at 438 cm™" (C-
H, ¢), 809, 944 and 1457 cm ' (C-H, »). The polyacrylamide
bands appeared at 1292 cm™ " (=C-N, 6), 1304 cm™ " (C-N, ),
and 1718 cm™ ' (C=0, 6). The carboxylic group from TFMAA was
observed at 2929 cm ™' (O-H, ). The amine groups from NAPMA
monomer were observed at 3304 cm ™" (N-H, 9).

Transmission electron microscopy (TEM) analysis revealed
highly aggregated spherical homogeneous nanoparticles with
a diameter of 15 & 4.5 nm for nanoMIP-1 and 21 + 3.2 nm for
nanoMIP-2 as shown in Fig. 1. The nanoparticles observed are
aggregated and smaller than expected. Presumably, the TEM
sample preparation, which involves water removal and ethanol
evaporation, induced a collapse of the nanostructure and
prompted agglomeration of particles into condensed aggre-
gates. These particles were also analyzed in water solutions by
dynamic light scattering (DLS). The hydrodynamic size
measurements displayed uniform populations with a satisfac-
tory poly-dispersity index (=<0.36) and diameter of 233 £+ 5.8 nm
for nanoMIP-1 and 193 £ 9.5 nm for nanoMIP-2. Seemingly,
these nanoMIPs are present mainly as homogenous clusters in
solution and not as individual particles. It was also noticed that
the hydration of the polymer produced swelling increasing the
volume of the cluster to almost 90% as previously reported for
polymers containing NAPMA.***¢ The nanoparticle size analysis
is summarized in Table S3.7

3.3 Optimisation of the sensor

As synthetic recognition elements, nanoMIPs have a key role in
the functioning of the electrochemical sensor; thus the

Fig. 1 TEM images of sitagliptin imprinted polymer nanoparticles, (a)
nanoMIP-1 (b) nanoMIP-2.
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immobilization of this polymer sensing layer is crucial for the
sensor performance. Therefore, they are key parameters
affecting the covalent immobilization of the nanoMIPs, partic-
ularly the concentration of silanes (APTES), nanoMIP concen-
tration and the incubation time. These parameters were studied
and the resulting sensors were tested in a concentration range
from 400 to 2000 pM of sitagliptin. The APTES concentration
was studied at 2%, 6% and 10%. The optimal sensor sensitivity
was found at 6% APTES as shown in Fig. S5.f It was noticed
that, low concentrations of silane led to poor immobilization of
nanoMIPs on the electrodes, which reduce the sensor response.
Oppositely, the excess of silane produced some intramolecular
interactions causing aggregation.®® Seemingly, these interac-
tions lead to the formation of multi-layered silane structures,
and as a result, an isolation coating was deposited on the
working electrode, which reduced the charge transfer, and
consequently, the sensor response was reduced as well.

The concentration of nanoMIPs and time of immobilisation
were optimized. The enhanced sensor response was demon-
strated when the concentration of nanoMIPs was set at 0.5 mg
mL " (Fig. S6AT). Presumably, sensors with low concentrations
of nanoparticles showed reduced performance, and higher
concentrations of nanoMIPs lead to a decrease of sensitivity.
Certainly, the excess of particles induces aggregations and also
a deposition of multiple polymer layers. Therefore, recognition
sites are lost and actuation of the nanoMIPs is hindered,
resulting in a decrease of the electron transfer, and therefore,
a decrease of the sensor response was observed. The optimal
time for the immobilisation of nanoparticles on SPPE that gave
a linear response was 20 h. The sensor response did not change
dramatically after 2 h (sensor response at 85%, R” = 0.95) and
4 h (sensor response at 79%, R> = 0.68) of immobilization as
shown in Fig. S6B.7 From these results, it can be concluded that
the carbodiimide reaction and formation of the sensing layer is
a fast process. Nevertheless, the linear response was improved
after 20 h (sensor response at 100%, R* = 0.99). To conclude, the
FcMMA concentration was also optimized. For that, sensors
were prepared with 15, 20, and 25% of the molar polymer
composition. The 20% molar content showed the highest
sensitivity (Fig. S7t). The optimized parameters are summa-
rized in Table S4.t

3.4 Electrochemical measurements of the fabricated
nanoMIP sensors

The voltammetric response of the nanoMIP sensors to sita-
gliptin was analyzed under optimized conditions. The sita-
gliptin was measured in a concentration range from 100 to 2000
pM in PBS buffer (5 mM, pH 7.2). The DPV response was
recorded and calibration curve was plotted for both sensors,
nanoMIP-1 and nanoMIP-2 as shown in Fig. S8.t

The sensor response relied on the electroactivity of the
nanoMIPs conferred by the ferrocene redox marker in the
polymer structure. The nanoMIP sensor displayed a current
increase triggered by the analyte recognition. Presumably, the
recognition prompted changes in the polymer conformation
promoting the electron transfer of the ferrocene moieties,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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which are responsible for the overall observed electrochemical
processes. The nanoMIP actuating process is similar to the
“induce fit” mechanism in enzymes.** NanoMIP actuation is
dependent on the analyte's selective recognition, which results
in a polymer conformation change and swelling, causing
ferrocene moieties to be exposed at the particle surface. Thus,
polymer swelling is directly proportional to the analyte
concentration, changing the density of ferrocene exposed on
the surface of the nanoparticles. This polymer alteration stim-
ulates electron transfer, which is responsible for the overall
electrochemical processes detected in the sensor, and displayed
as an increase of the current response. The specific “induce fit”
mechanism in nanoMIPs was previously evidenced by
measuring the increase of the diameter of nanoparticles using
dynamic light scattering (DLS). In this study, actuation was
detected only in presence of the analyte, while no changes were
observed in presence of other molecules as described in the
manuscript published earlier.>

Therefore, the nanoMIPs tagged with a redox probe
combines both recognition and reporting functions. The
nanoMIP signal was observed at —0.1 V (vs. Ag/AgCl), corre-
sponding to the ferrocene redox marker as shown in Fig. S8.f
The signal increments were directly correlated to the sitagliptin
concentration. During the recognition process, the analyte
remained intact, since the sitagliptin electro-oxidation was not
observed at this working potential (—0.4 to +0.4 V vs. Ag/AgCl) as
shown in Fig. S9.}

Both sensors, nanoMIP-1 and nanoMIP-2, showed an
increase of response directly proportional to the sitagliptin
concentration (Fig. S81). The sensors showed a satisfactory
linear response; the nanoMIP-1 sensor displayed a sensitivity of
65 + 1 nA pM " (R* = 0.998) with a relative standard deviation
(RSD) of 4.7%. Similarly, the nanoMIP-2 sensor sensitivity was
found to be 60 + 1 nA pM ™" (R*> = 0.996) with a RSD of 4.3%.
The LOD and LOQ of sensors were found to be 0.05 pM and 0.18
pM for the nanoMIP-1 sensor and 0.06 pM and 0.20 pM for the
nanoMIP-2 sensor. From these parameters, it can be concluded
that both sensors exhibited similar performance for sitagliptin
determination.

3.5 Cross reactivity of the fabricated nanoMIP sensors

The selectivity of the sensors was tested by measuring the
response towards possible interferents such as metformin and
paracetamol and then compared to the sitagliptin sensor
response. These results were represented as calibration plots in
Fig. 3. The sensors displayed different selectivity, apparently
caused by the polymer composition. Presumably, small mole-
cules can interact non-specifically with the nanoMIPs, and these
interactions may include hydrogen bonds and van der Waals
depending on the polymer formulation and the properties of
the interfering compounds.

The response of both polymers is similar in terms of sensi-
tivity towards sitagliptin as shown in Fig. S8.f From these
results, it can be observed that nanoMIP-2 exhibited higher
selectivity to sitagliptin, when compared to nanoMIP-1. More-
over, the selectivity of nanoMIP-1 was inferior in the presence of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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metformin or paracetamol as presented in Fig. S10 and S11.}
Thus, nanoMIP-1 showed a cross reactivity of 21.5% to met-
formin (R> = 0.857) and 0.5% to paracetamol (R*> = 0.011).
Oppositely, the nanoMIP-2 sensor displayed a cross reactivity of
19.2% to paracetamol (R> = 0.687) and 3.5% to metformin (R*> =
0.117). Nevertheless, the sensor response to interferents was
non-specific and not linear. These results revealed that
nanoMIP-2 was 29 times more sensitive to sitagliptin when
compared to the metformin response, as summarized in Table
S5.

Alternatively, the interferents can be analytically removed
from sensors by placing a “current cut-off” at 55 and 40 pA for
the nanoMIP-1 sensor and nanoMIP-2 sensor, respectively. In
this case, the concentration working range is reduced for
nanoMIP-1 from 600 to 2000 pM and for the nanoMIP-2 sensor
from 200 to 2000 pM as shown in Fig. 2. Therefore, the
nanoMIP-2 sensor can be successfully used for the selective
determination of sitagliptin without any significant interference
from metformin. This strategy can be applied in the case of real
scenarios. This aspect is important because sitagliptin is used
mostly in binary combination with metformin for therapeutic
purposes.

The cross-reactivity was mainly observed in nanoMIP-1,
apparently due to the polymer structure. Seemingly, the negli-
gible response to paracetamol was due to the non-specific
interactions with the recognition sites such as dipole interac-
tions with the polymer chain or non-specific adsorption on the
sensor surface. The potential interference of metformin was
apparently due to the small size of the molecule (Fig. 2),
allowing it to interact non-specifically and reversibly with the
nanoMIP cavity. Possible interactions included hydrogen
bonds, electrostatic and dipole interactions.

Moreover, the nanoMIP-1 interaction with sitagliptin was
less stable (9.4 k] mol™') when compared to the nanoMIP-2
interaction, as previously shown in the molecular modelling

i /k
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Fig. 2 Chemical structures of (A) sitagliptin, (B) metformin, and (C)
paracetamol. The cross-reactivity study of the (D) nanoMIP-1 sensor
and (E) nanoMIP-2 sensor. The calibration curves show the voltam-
metric response to (a) sitagliptin, (b) metformin, (c) paracetamol; (d)
the "current cut-off” level is shown by a dotted line. Experiments (n =
3) were performed in a concentration range from 100 to 2000 pM in
PBS.
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section (Fig. S31). Apparently, the TFMAA monomer (nanoMIP-
2) played an important role in the sitagliptin recognition, which
cannot be replaced with the MAA monomer (nanoMIP-1), as
shown in the molecular modelling results. Seemingly, the
nanoMIP-2 interaction with sitagliptin is a specific key-lock
system, where there is a poor interaction with metformin.
This selective interaction is possibly directed by the multiple
hydrogen bond system formed in the sitagliptin complex, as
shown in Fig. S2b.t As a result, only nanoMIP-2 was considered
for further applications.

3.6 Determination of sitagliptin in human plasma samples

The sensor was evaluated for the determination of sitagliptin in
spiked human plasma samples in a concentration range from
100 to 2000 pM. Before the analysis, samples were diluted,
centrifuged and filtered as described in the Experimental
section. The DPV measurements were carried out under the
optimal conditions and calibration curves were obtained to
analyse the sensor performance. The sensitivity was found to be
14.4 £ 0.4 nApM "' (R* = 0.994) and 32.5 £ 0.6 nApM ' (R* =
0.996) for nanoMIP-1 and nanoMIP-2, respectively. The sensi-
tivity and linearity was higher for nanoMIP-2 when compared to
nanoMIP-1, as shown in Fig. 3. Human plasma is a complex
matrix and difficult to analyse due to the presence of biological
components. However, it was possible to determine sitagliptin
using nanoMIP-2 with a LOD and LOQ of 0.06 pM and 0.20 pM,
respectively. Therefore, the nanoMIP-2 sensor can be success-
fully used for sitagliptin determination in human plasma with
high sensitivity in the presence of interfering substances.
Potentially, the sensor can be applied for point of care (PoC)
diagnostics in the clinically relevant concentration, which is
reported in the range from 24.5 nM to 950 mM in human
plasma.24,28,66,67

3.7 Performance of the nanoMIP sensor

The nanoMIP-2 sensor performance, the repeatability, repro-
ducibility, and stability were evaluated. The repeatability was
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Fig. 3 Sensor performance for sitagliptin spiked human plasma. DPV
sensor responses for (A) nanoMIP-1, (C) nanoMIP-2 and calibration
curves (B) and (D), respectively. The sitagliptin sensor was tested in
a concentration range from 100 to 2000 pM.
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evaluated by calculating the relative standard deviation (RSD%)
of three sensor measurements of a sitagliptin standard (1200
pM) in buffer under the same conditions. The repeatability of
the measurements for a single sensor was found to be 6.6%. The
reproducibility was also assessed by calculating the percentage
of the RSD of the response of four different sensors to a sita-
gliptin standard (1200 pM) under identical conditions, and it
was found to be 7.3%. The previous analysis proves that the
sensor performance is in compliance with the industrial accu-
racy standards (ISO-151917), which recommends that 95% of
the results should be within +15% of the laboratory standard.

The stability and shelf life of the nanoMIP-2 sensor were also
assessed by evaluating the performance of the stored sensors.
For this, nine sensors were prepared under similar conditions
and then stored. The sensor current response to sitagliptin was
tested in a concentration range from 200 to 2000 pM. Each
individual sensor (1-9) was tested independently for a period
ranging from 1 to 112 days. The stability of the sensors is
summarized in Fig. S12;} here, the average response and stan-
dard deviation is displayed per sensor per day. According to
these results, after 30 days, the sensor response decreased by
only 6%, and after 60 days, the drop in response was around
15%, which is in compliance with the industrial standards. The
overall decrease in the sensor response after 112 days of storage
was 27%; nevertheless, the sensors remained functional. The
stability of the proposed sensor device is higher compared to
that of other devices as described in Table 2. To overcome the
sensor drop response, the measured current can be compen-
sated by applying the storage factor to obtain the equivalent
response. Eventually, the storage conditions of the present
sensors need to be improved.

3.8 Comparison to the available sensor technology

Different transducers and fabrication strategies have been used
to fabricate sitagliptin sensors and monitor the levels in human
plasma (Table 2). Some of them include the combination of
MIPs and macromolecules to increase the selectivity. Unfortu-
nately these methods face low selectivity and a lack of adequate
sensitivity.

There is a clear need for improving the compatibility of the
fabrication process. For that, the sensors need to be simplified
and the complexity of traditional systems reduced. The “classic”
MIP-based sensor technology is difficult to apply in mass
manufacturing or scaling up.**”* Consequently, these systems
are not useful for PoC applications. To address these techno-
logical challenges, the present technology uses electroactive
nanoMIPs. NanoMIPs confer several advantages when
compared to previous MIP technology and traditional biosen-
sors. For instance, nanoMIPs are precisely designed for corre-
sponding targets using molecular modelling. Besides, the
electro-activity of nanoMIPs permits the direct recognition of
analytes and reporting of binding events at the same time,
which results in higher sensitivity and low cross-reactivity even
when measuring in complex biological samples.

The key advantages of the proposed technology are the
following: (a) nanoMIPs can be designed computationally for

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of the available sitagliptin sensors
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PVC-membrane/ammonium

Transducer reineckate PVC-membrane/calix-8-arene MIP membrane NanoMIP*
Detection method Potentiometry Potentiometry Potentiometry Voltammetry
Linear concentration range 0.01-10 mM 0.1 nM to 10 mM 5 uM to 10 mM 100-2000 pM
LOD 2 uM 0.11 nM 2.6 uM 0.06 pM
Sensitivity 40.9 mV per decade 59.9 mV per decade 52.7 mV per decade 32.5nA pM~!
Stability (days) 30 31 15 112

Sample Tablets Human plasma Human plasma Human plasma
Recovery (%) 100.06 100.33 97.3 98.7

Ref. 68 69 70 This work

“ NanoMIP advantages: (a) high selectivity and sensitivity, (b) relevant
compatible with industrial production, and (f) fast measurements.

a large range of targets; (b) their polymeric nature make them
robust and resistant to harsh conditions, and they possess long
shelf-life; (c) their synthetic nature make them easy to be
prepared and fabricates at relatively low cost using high
throughput industry-standard protocols; (d) the synthetic
nature of the nanoMIPs makes them ideal for industrial
production which does not require the use of animals (or
recombinant DNA technology) when compared to the produc-
tion of antibodies and enzymes. The sensor presented here
displays higher performance in terms of sensitivity, selectivity
and stability of the sensor as shown in Table 2. The LOD and
LOQ of the nanoMIP-2 sensor were 0.10 pM and 0.34 pM in the
PBS buffer and 0.12 pM and 0.42 pM for the spiked human
plasma, respectively, which is way below the clinically relevant
concentration of sitagliptin concentration in human plasma
(24.5 nM to 950 mM). The sensing ranges of the nanoMIP-based
electrodes could easily be reached by diluting the plasma
sample in PBS buffer.

4. Conclusions

A sitagliptin sensor was devised using nanoMIPs immobilized
on SPPE. Herein, the nanoMIP capability as an artificial
biomimetic receptor for the determination of sitagliptin was
demonstrated. This nanoMIP-2 sensor shows high sensitivity
and selectivity towards sitagliptin due to specific recognition
binding sites imprinted in nanoMIPs. The nanoMIPs that
contain ferrocene as a redox probe combine both the recogni-
tion and the reporting functions. The proposed sitagliptin
sensor system is compact, simple and cost effective when
compared to other traditional analytical methods. The sensors
exhibit a shelf life of almost 4 months (at 4 £+ 0.5 °C and 30%
relative humidity), remaining functional even after that time.
The nanoMIP-based sensor technology has tremendous poten-
tial, which could have a positive impact in drug monitoring,
forensics, in the clinical area and point-of-care diagnostics.
The present technology is a step forward in developing
robust sensors, compatible with industrial production. Future
work will include the improvement of the fabrication process
including industrial techniques such as screen printing of
electrodes using conductive inks (e.g. graphene or carbon), and
further optimization of the storage conditions. These sensors

© 2021 The Author(s). Published by the Royal Society of Chemistry

to the clinical concentration range, (d) robustness and high stability, (e)

can be operated as a near patient test by relatively inexperienced
personnel, and a design of a user-friendly interface will be
considered. Thus, future work will also include efforts to adapt
this device to a hospital environment.
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