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Abstract

Considering the importance of determining the levels of hemoglobin (Hb) as a vital protein in red blood cells, in this work a
highly sensitive electrochemical sensor was developed based on a gold electrode (AuE) modified with Ag metal-organic
framework mesoporous carbon (Ag-MOF @MC) and molecularly imprinted polymers (MIPs). To that end, the MIP layer was
formed on the Ag-MOF@MC by implanting Hb as the pattern molecule during the polymerization. The modified electrode was
designed using electrochemical approaches including differential pulse voltammetry (DPV), electrochemical impedance spec-
troscopy (EIS), and cyclic voltammetry (CV). Using a response level experimental design method, the most important parameters
affecting the reaction of the sensing system including pH, incubation time, and scanning rate were optimized. Following the same
route, the Hb concentration, pH, temperature, and elution times were optimized to prepare the imprinted polymer layer on the Ag-
MOF@MC surface. By exploiting DPV techniques based on the optimal parameters, the electrochemical response of the AuE/
Ag-MOF@MC-MIPs for Hb determination was recorded in a wide linear dynamic range (LDR) of 0.2 pM to 1000 nM, with a
limit of detection (LOD) of 0.09 pM. Moreover, the Ag-MOF @MC-MIP sensing system showed good stability, high selectivity,
and acceptable reproducibility for Hb determination. The sensing system was successfully applied for Hb determination in real
blood samples, and the results were compared with those of the standard methods for Hb determination. Acceptable recovery
(99.0%) and RDS% (4.6%) confirmed the applicability and reliability of the designed Hb sensing system.

Keywords Hemoglobin (Hb) - Molecularly imprinted Ag metal-organic framework mesoporous carbon polymers
(Ag-MOF @MC-MIPs) - Differential pulse voltammetry (DPV)

Introduction

Hemoglobin (Hb), a vital protein in red blood cells, is respon-
sible for transporting oxygen and carbon dioxide between the
tissues and lungs [1]. The quaternary structure of the Hb mol-
ecule includes four polypeptide strains, and each strain has a
heme group [2, 3]. The heme site comprises an iron atom [4]
connected to a protoporphyrin (amine ring) circle [5], which is
responsible for attachment to oxygen and carbon dioxide [6].
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The Hb level is widely used in blood tests as an indicator of
various disorders such as thalassemia [7], leukemia [8], heart
disease [9, 10], anemia [11], sickle cell disease [12], and ex-
treme blood loss [13]. To date, various methods have been
used to detect Hb, including mass spectrometry [14], electro-
chemistry [15], spectrophotometry [16], high-performance
liquid chromatography (HPLC) [17], and fluorimetry [18].
Molecular imprinting of polymers such as artificial antibodies
is a technique used to construct target-forming cavities in the
polymer structure with memory for the selected molecules to
be used in structural characterization [19, 20]. Analytical sen-
sors and biosensors are widely used to quantify various types
of biomarkers [21]. Artificial antibodies, with advantages in-
cluding robustness, easy handling, and stability, are excellent
in a wide range of applications including sensors and biosen-
sors [22, 23]. The application of molecularly imprinted sen-
sors based on a metal-organic framework is a novel, attractive
research field [24]. Organometallic structures are used
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extensively in areas including biological products, industry,
and agriculture, and are used primarily in the field of health
and the environment due to their low toxicity [25, 26].

Metal-organic frameworks (MOF), constructed by assem-
bling metal ions with several organic linkers [27], have been
widely used in catalysis [28], energy storage [29], sensors [30],
and so on, owing to their exceptionally robust frame, nontoxic
nature, luminescence, chemical stability, chemical functionali-
ty, large surface area, rich active sites, and various structures
[31, 32]. However, there are still some limitations to the appli-
cation of MOF in the electrochemical sensor field, such as small
detection range, low sensitivity, and poor repeatability.
Recently, a novel imprinted platform based on microporous
MOF has been applied in molecularly imprinted polymer
(MIP) electrochemical sensors. These microporous MOF have
advantages such as minimal crystal congestion, very high sur-
face area, thermal and chemical robustness, tunable chemical
properties, and uniform pore structure [33-35]. There are many
imprinted places on the surface of microporous MOF which
can be exploited for designing organometallic imprinted struc-
tures [36]. Regardless of the application and performance,
MOF/MIP systems are prepared in two main forms: molecular-
ly imprinted core—shell nanostructures and molecularly
imprinted MOF films [37—40]. Today, MOF/MIP electrochem-
ical sensors have attracted significant attention due to their low
cost, simplicity, and speed. These structures have been broadly
utilized to determine wide groups of molecules ranging from
small molecules to biomacromolecules [24, 41].

As previously mentioned, the Hb level is the most widely
used blood parameter for screening patients for the presence
of various diseases. For this purpose, in the current study, an
electrochemical metal-organic framework microporous
imprinted sensor was developed for Hb determination.
Achieving desirable selectivity and sensitivity is dependent
on the choice of proper components. Metallic silver is a highly
suitable material for electrochemical applications due to its
electronic and conductive properties [42—44]. Given the ex-
cellent properties of Ag-MOF@CM-MIPs, the detection of
target molecules (Hb) is carried out with high sensitivity.
Therefore, the improved repeatability and signal-to-noise ratio
as well as the general current intensity are related to the con-
gestion of imprinted cavities in the MIP layer. Therefore, it is
extremely important to develop highly active Ag-based MOF
nanomaterials for Hb detection. To this end, the present work
focuses on new developments in MIP sensors using Ag-
MOF@MC.

The final characteristics of the MIP-based sensing system
depend on several factors. The microporous imprinted struc-
tures can significantly improve response kinetics, which rep-
resents a challenge in the management of sensing systems for
fast and in situ analysis. The obtained results reveal that the
developed sensor can determine the Hb level in blood samples
with high selectivity and sensitivity.
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Experimental
Materials

Silver nitrate (99%), 2-aminoterephthalic acid (99%),
dimethylformamide (DMF, 99.8%), ethanol (99%), (3-
aminopropyl)triethoxysilane (APTES, 99%), H3;PO, (99%),
urea (99%), NaOH (99%), and tetraethyl orthosilicate
(TEOS, 99%) were obtained from Sigma-Aldrich.
Hemoglobin (Hb, 99%), bovine serum albumin (BSA,
99%), insulin (INS, 99%), human serum albumin (HSA,
99%) and chicken eggwhite lysozyme (Lyz, 90%) were pur-
chased from Kimia Exir Co. (Tehran, Iran). A fresh redox
probe (10 mM of [Fe(CN)s]> " (1:1), 10 mM of KCI in
PBS buffer) was used in all electrochemical tests. To prepare
the stock solution of Hb (0.01 mol L"), 0.02 g of Hb was
dissolved in PBS (20 mL, pH =6.0). All aqueous solutions
were prepared using deionized (DI) water (18.5 MS2). The
PBS buffer used throughout the work was prepared using
H;PO,4 and its pH adjusted with NaOH.

Apparatus

All electrochemical measurements were performed using an
Autolab compact potentiostat/galvanostat (model PGSTAT
302N) with GPES [General Purpose Electrochemical
System] and FRA [Frequency Response Analysis] software.
Field emission scanning electron microscopy (FE-SEM),
energy-dispersive X-ray analysis (EDS), and mapping analy-
sis were performed using an FE-SEM instrument (Philips
XL30) operating at 25 kV. Transmission electron microscopy
(TEM) was carried out using a Philips CM30 TEM operating
at 300 kV (Netherlands). A Bruker D8 Advance X-ray diffrac-
tometer (using Cu-Ka radiation) was used for recording the X-
ray diffraction (XRD) patterns. Attenuated total reflection
(ATR) analyses were carried out by Fourier transform infrared
spectroscopy using a Bruker Alpha spectrometer (diamond
crystal). The pH values of all the solutions were adjusted using
a pH meter (Corning, model 140).

Synthesis of Ag-MOF@MC

For Ag-MOF synthesis, first, 50 mL AgNO; (0.02 mM) was
transferred into a 250 mL round-bottom flask. Next, 10 mL
aminoterephthalic acid (0.2 mM) in DMF was added to the
container, and the mixture was refluxed for 2 h. The produced
brown precipitate was washed with water and ethanol and
dried in a vacuum oven at 60 °C for 4 h.

To produce a mesoporous structure (Ag-MOF@MC) by
calcination, Ag-MOF was placed in an oven under a flow of
N, gas and then brought to 700 °C at a rate of 5 °C/min and
kept at this temperature for 2 h.
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Synthesis of Ag-MOF@MC-MIPs and Ag-MOF@MC-
NIPs

The MIP layer was coated on the Ag-MOF@MC surface by
mixing 500 mg of Ag-MOF@MC and 2 mL of 10% NHj;.
Then a solution containing 10 mg of Hb, 1 uL of APTES, and
4 mL of TEOS was added to the vessel and the obtained
mixture was stirred overnight.

In this step, to remove Hb trapped in the MIP structure, a
reflux process with solvents [(1:1 v/v) acetonitrile (99.9%)/
acetic acid (99.8%)] was used. Hb absorbance at 400 nm
was monitored every 30 min for 8 h using a UV-Vis spectro-
photometer. After 16 measurements, the Hb concentration
reached its lowest level, and no further change in Hb absor-
bance was noted with further washes. The obtained washed
MIP nanoparticles were then dried in an oven at 50 °C for 3 h.
A diagram of all the absorbance intensity values against the
number of cycles was plotted. Non-imprinted polymer (NIP)
nanoparticles were fabricated in the same manner, but Hb was
not added to the medium.

Sensor preparation

Three common electrochemical techniques, namely cyclic
voltammetry (CV), differential pulse voltammetry (DPV),
and electrochemical impedance spectroscopy (EIS), were
used to study all the steps of electrode preparation, character-
ization, and application. All electrochemical analyses were
carried out using Ag/AgCl (single junction, 4 M KCL, micro
agar salt bridge), gold electrode (AuE), and Pt as the reference,
working, and auxiliary electrodes, respectively. Before each
electrochemical test, AuE was polished with paper containing
0.3 uM alumina and then ultrasonically cured in DI water for
15 min. The 10 mM [Fe(CN)]>* (1:1) with 10 mM KCl in
PBS (pH =6) solution acted as the redox electrolyte in all
studies. CV was applied to scan potentials between —0.5 and
1V at a scan rate of 100mV s '. All impedance values were
recorded at a potential of +0.2 V in a frequency range of 100
mHz to 100 kHz vs. Ag/AgCl, and a sinusoidal signal was set
at 10 mV.

DPV measurements were performed at a modulation time
0f 0.04 s, interval time of 0.4 s, modulation amplitude of 50.0
mV, and step potential of 8.0 mV. Two milligrams of Ag-
MOF@MC-MIPs was dispersed in 2.0 mL of PBS (pH=
6.0) under sonication for 45 min (see Supplementary
Information (ESM) Fig. S1). Four microliters of the above
suspension was then drop-cast onto the surface of the bare
AuE and dried at ambient temperature. For comparison, the
Au electrode modified with Ag-MOF@MC-NIPs was pre-
pared via a similar procedure. All electrochemical tests were
performed using an Autolab system with GPES and FRA
software.

Electrochemical measurement

The binding of MIPs to Hb was carried out by DPV. Before
the analysis, MIPs/AuE were incubated in a Hb sample for
17.5 min at ambient temperature and washed several times
with PBS (pH=6.0). DPV was carried out in PBS (pH=
6.0) containing 10 mM [Fe(CN)s ~**] with 10 mM KCI.
The corresponding DPV parameters were set as follows: in-
crement potential of 4.2 mV, amplitude of 55 mV, pulse width
of 0.2 s, and pulse period of 0.55 s.

Experimental design

In the present work, response surface methodology (RSM) via
central composite design (CCD) was applied to study the ac-
tual factors in MIP preparation and sensor function (ESM
section S1).

Results and discussion
Characterization of nanocomposites

Reflux washing was repeated until there was no further Hb
extraction, which was signaled by no further change in the
measured absorbance despite additional refluxing with fresh
solvent. In the diagram of Hb absorbance intensity versus the
number of elution cycles (ESM Fig. S2), this is signaled by a
smooth, horizontal line from the 11th cycle marking the con-
stancy in the lowest absorbance intensity of 0.05 Au.

The step-by-step preparation of AUE/MOF@MC-MIPs is
shown in Fig. 1, and The DPV, CV, and EIS curves of bare
AuE, AuE/MOF, AuE/MOF@MC-MIPs, and AuE/
MOF@MC-NIPs are depicted in Fig. 2a—c, respectively.
The electrochemical performance of both Ag-MOF and Ag-
MOF-MC was investigated, and it was observed that Ag-
MOF and Ag-MOF-MC both increased the CV and DPV
current intensity on the AuE, but Ag-MOF-MC had higher
activation properties due to its high porosity and increased
electronic transitions. Therefore, we used the Ag-MOF-MC
as a substrate for fabricating MIP layers for Hb determination.
With the formation of a polymer layer on the electrode sur-
face, the current decreases due to the blockage of the electrode
surface. In the case of MIPs, due to the presence of a greater
number of holes on the polymer surface, the current is higher
than with the NIP mode. In the presence of Hb, the holes of the
MIPs are blocked, so the electrochemical reaction is inhibited
and the current is diminished. When Hb leaves the polymer
structure, the observed oxidation and reduced CV current in-
crease sevenfold, which is due to the role of Hb in blocking
the electrode surface. The change trend in the resistance of the
electrode surface, which was studied by EIS, confirmed the
previous results. In the presence of nanostructures that
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Fig. 1 Schematic of the step-by-step preparation of AuE/Ag-MOF @MC-MIPs

increase the electron conductivity at the electrode surface, the
radius of the EIS semicircle decreased, due to the decreased
resistance of the electrode surface.

ATR analysis was performed for all the nanocomposites,
and the corresponding spectra are shown in ESM Fig. S3A. In
the spectra of Ag-MOF and Ag-MOF@MC, the peaks at
3400 cm™' and 1500 cm™" are attributed to the stretching
and bending vibrations of the NH, and OH groups, respec-
tively. The peaks at 1423 cm ™' and 1286 cm ™' are ascribed to
the O—C-O stretching vibrations, while the bands observed at
730 cm™' and 952 cm™! correspond to the vibrational
stretching frequencies of the (O—Ag—0O) framework. In the
spectra of the Ag-MOF@MC-MIPs and Ag-MOF@MC-
NIPs, in addition to the similarities, the peaks at 986 cm’!
and 1136 cm™' correspond to the Si—O—Si vibrations.
Figure S1B (see ESM) shows the XRD patterns of Ag-MOF
and Ag-MOF@MC. The X-ray diffraction peaks in the XRD
patterns of Ag-MOF and Ag-MOF @MC nanocomposites in-
clude the peaks of MOF(Ag) and silver. The reflection peaks
of'the MOF(Ag) can be attributed to the silver-ATP composite
Ag, (bde) (CCDC:198096) [45]. The XRD patterns of Ag-
MOF@MC-MIPs and Ag-MOF @MC-NIPs, which show the
amorphous structure of the polymer layer and the characteris-
tic peak of Ag-MOF (ESM Fig. S3B), are similar. FE-SEM
was used to study the morphology and the particle size
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distribution of the nanocomposite. The FE-SEM images of
the bare AuE (Fig. 3a), Ag-MOF (Fig. 3b, c), Ag-
MOF@MC (Fig. 3d), Ag-MOF@MC-MIPs (Fig. 3e), and
Ag-MOF@MC-NIPs (Fig. 3f) are presented in Fig. 3; these
images show that the nanocomposites are spherical. The dis-
tribution of nanoparticles on the electrode surface was studied
by mapping analysis, and the results confirmed the uniformity
of particle dispersion (Fig. 3g—j). In addition, average size of
18 nm and 35 nm was estimated for Ag-MOF@MC and Ag-
MOF @MC-MIPs, respectively (Fig. 3k, 1). The images ob-
tained from the TEM for Ag-MOF@MC-MIPs and Ag-
MOF@MC-NIPs (ESM Fig. S4A, B) confirmed the results
of the FE-SEM analysis. EDS analysis (ESM Fig. S5) was
used to confirm the presence of the desired elements in the
Ag-MOF@MC nanocomposite. The sharp Ag peak in the
spectrum of this compound confirmed the successful synthesis
of Ag&-MOF@MC. A set of peaks in the EDS spectrum cor-
responding to C (7.02%) and Ag (92.98%) were also
observed.

Electrochemical response
The DPV response of the AUE/MOF@MC-MIPs and AuE/

MOF@MC-NIPs in the presence of different concentrations
of Hb in PBS (pH = 6.0) containing 10 mM Fe(CN); ¥ ~* with
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Fig. 2 (a) DPV, (b) CV, and (c) EIS curves of AuE bare, AuE/Ag-MOF, AuE/Ag-MOF @MC, AuE/Ag-MOF@MC-MIPs, and AuE/Ag-MOF @MC-
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Fig.3 FE-SEM images of bare AuE (a), Au-MOF (b, ¢), Ag-MOF@MC
(d), Ag-MOF@MC-MIPs (e), and Ag-MOF@MC-NIPs (f). Mapping
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Fig.4 (a) DPV voltammograms of proposed AuE/Ag-MOF @ MC-MIPs
in a solution containing 10 mM [Fe(CN)ﬁ]’y_4 (1:1) mixture and 0.1 M
KCl in PBS (pH =6.0) with incubation time=17.5 min for different
concentrations of Hb within a range of 0.2 pM to 1000 nM. Calibration
curve for (b) Al and (¢) Al vs. log(Cyyp,, nM). (d) DPV voltammograms
of proposed AuE/Ag-MOF @MC-NIPs in a solution containing 10 mM

10 mM KCI was examined. As shown in Fig. 4a, the DPV
signal was reduced in the presence of Hb. The corresponding
calibration curves with an acceptable value of R*=0.99 are
shown in Fig. 4b and c. The DPV curve of the AuE/
MOF@MC-NIPs is also shown in Fig. 4d, which shows slight

Table 1
preparation

Variables, their levels and symbols for the CCD in MIP

Variable Symbol Level

- -1 +1 +x
pH A 2 4 8 10
Hb concentration (mg/L) B 0.5 1.5 0.01 2
Temperature (°c) C 21.25  33.75 15 40
Elution times (min) D 6.5 15.5 2 20

@ Springer

[Fe(CN)6]™** (1:1) mixture and 0.1 M KCI in PBS (pH =6.0) with
incubation time = 17.5 min for different concentrations of Hb from 0.2
pM to 1000 nM. Calibration curve for (e) Al and (f) Al vs. log (Cyyp, nM).
In all, Al is the difference between the initial DPV current in the absence
of Hb (Iy) and the DPV current after the addition of different
concentrations of Hb (I)

differences in various concentrations of Hb compared to the
MIP response. The corresponding calibration curves are
depicted in Fig. 4e and f.

Optimization of MIP preparation

Four vital parameters, namely, pH (A), Hb concentration (B),
temperature (C), and elution times (D), were carefully chosen
as the most important parameters affecting the quality of the
MIPs and thus the performance of the designed sensor
(Table 1). Based on the obtained data, the resulting models
acceptably represent the empirical records, with R? of 0.99.
The F-value of the model was 140.44, indicating the signifi-
cance of the model. The lack-of-fit (LOF) value obtained was
0.57, indicating that the model is fitted to the whole data, as
shown by the results in Table 2. The correlation between the
coded parameters and the response was modeled using Eq.
(4). The coefficients are recorded in Table 2. R-squared
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The significance possibility (p value; F-value) of regression coefficients, in the predicted second-order polynomial models of the relationship between response and independent variables for MIP

Table 2

preparation

RZ

Model

Quadratic effects

Interaction effects

Linear effects

D2

C2

B2

AZ

CD

BD

DC

AD

AC

0.99

80.68

23.46 38.1 218.98 0.12 0.12 20.76 28.75 48.2 9.4 2253 315.3 104.2

19.80

Regression coefficient

<0.0001
140.4

<0.0001
156.1

<0.0001
181.35

<0.0001
548.92

<0.0001

392.33

0.0008
16.41

<0.0001
83.83

<0.0001
50.05

<0.0001
36.14

<0.65 0.0001
0.21

<0.0001
381.19

<0.0001
67.04

<0.0001
40.84

<0.0001
34.46

p value; probe >F

23.50

F-value

(0.9998), adjusted R-squared (0.9992), and predicted R-
squared (0.9482) were also calculated. In addition, a standard
deviation (S.D.) of 0.17, coefficient of variation (CV) of
8.48%, and prediction error sum of squares (PRESS) of
58.47 were obtained. A ratio of greater then 4.0 for an ade-
quate precision value of 34.021 indicates an excellent signal-
to-noise (S/N) ratio.

The obtained results were studied using contour plots in the
range of the selected variables. The interaction between the
Hb concentration and pH is illustrated in Fig. 5a. As shown in
Table 2, unlike pH, the Hb concentration had a negative linear
effect on the current. The proper concentration of Hb added
directly affects the number of complementary sites on the
polymer structure. At high concentrations of Hb, the polymer
surface is saturated, and excess Hb may block the sites and
reduce the quality of the MIPs. At highly acidic and highly
basic pH, the MIPs are not stable and thus do not produce a
proper electrochemical signal. The effects of temperature and
pH on the current are depicted in Fig. 5b. The statistical results
(Table 2) show that the linear term of temperature had a great-
er effect on the response than the pH. Moreover, the interac-
tion between temperature and pH had a positive effect on the
signal. As indicated in this figure, the current increased when
the pH and temperature values increased to their appropriate
ranges. The behavior of the elution times is the same as that
presented in Fig. Sc. The simultaneous effects of elution time
and pH on the response are shown in Fig. 5c. As shown in
Table 2, this interaction is affected by a positive sign, and
therefore a significant increase in the response is observed
by increasing the elution time. Increasing the elution time
due to greater Hb extraction increases the density of the com-
plementary cavities, which has a direct effect on enhanced
MIP response to Hb.

The simultaneous effects of Hb concentration and tempera-
ture on the response are shown in Fig. 5d. As observed in
Table 2, this interaction is affected by a positive sign, and thus
an enhanced response is observed by increasing the Hb concen-
tration and temperature to adequate values. The simultaneous
effects of the Hb concentration and the elution times on the
response are shown in Fig. 5e. As shown in Table 2, the simul-
taneous effect of these two parameters on the answer obtained
has a negative sign, and thus a significant increase in the re-
sponse is observed by increasing the elution time. However,
increasing Hb to a certain concentration increases the current,
while a further increase in concentration reduces the response.
The concurrent effects of the elution time and the temperature
on the current are shown in Fig. 5f. As shown in Table 2, this
interaction is affected by a negative sign. Therefore, a signifi-
cant enhancement in the response is detected by increasing the
elution time while the proper value of the temperature is favor-
able. Finally, using this optimization, the optimal conditions of
the MIP preparation were obtained as temperature =27.5 °C,
elution time = 11, pH = 6.0, and Hb concentration = 1.0 (mg/L).
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Optimization of electrochemical response

Three basic parameters of scan rate (E), pH (F), and the incu-
bation time of the probe in the Hb (G) in the electrochemical
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(e) elution time (2-20) and Hb concentration (2-10), (f) elution time (2—
20) and temperature (15-40 °C). In all, Al is the difference between the
initial DPV current in the absence of Hb (Iy) and the DPV current in the
presence of 0.02 nM of Hb (I)

trials were selected as the key parameters affecting the behav-
ior of the electro-sensing system. Table S2 (see ESM) shows
these parameters and their various levels. The design with 23
experiments represents nine repeats of the focal point, eight
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factorial points, and six axial points at an interval of 1.6 from
the center. Table S3 (see ESM) shows the results of the anal-
ysis of variance (ANOVA) test. According to the obtained
data, the resulting models can sufficiently represent the exper-
imental records, with an R? of 0.99. The F-value of the model
was 199.78, indicating the significance of the model.
However, the obtained LOF F-value of 4.74 showed that the
model is fitted to all data. According to the results (ESM
Table S3), the linear effects of pH, scan rate and incubation
time on current changes are positive. Increasing the pH and
scanning rate to obtain the optimal values increases the current
intensity. Because of the stability of the protein under natural
conditions, the best pH for electrode performance is close to
neutral pH. Furthermore, at a scan rate of 105 mV/s, the sensor
displays its best response (ESM Fig. S6A). As is clear in ESM
Fig. S6B, the interaction between the scan rate and incubation
time had a negative effect on the response. With a further
increase in incubation time, because of the saturation of sites
with Hb, changes in current will be negligible. Figure S6C
(see ESM) shows the effect of the interaction between the
incubation time and pH on current changes. As pointed out,
at near-neutral pH and increasing incubation time of 17.5 min,
the greatest corresponding current-related changes are
observed.

Considering the overall results from the optimization study,
the subsequent experimental conditions were selected as fol-
lows: incubation time = 17.5 min, scan rate = 105 mV/s and
pH = 6.0. The effect of scan rate on electrode performance and
active surface calculations of the developed electrodes is de-
scribed in ESM section S2 (ESM Fig. S8).

Reproducibility and stability of the sensor

To estimate the reproducibility of the sensor, ten parallelly
prepared AUE/MOF@MC-MIP sensors were used for mea-
suring 0.2 pM Hb (PBS, pH=6.0). Values of Al for these
measurements have a relative standard deviation (RSD) of
2.71%. Three measurements were replicated on one sensor,
with RSD calculated for this study indicating good repeatabil-
ity of sensor performance (ESM, Section S3, Table S1). The
storage stability of the prepared AuE/MOF @ MC-MIPs may
present an important issue during practical applications of Hb
determination. The time-dependent current intensity relative
to the original signal for 0.2 pM Hb (PBS, pH = 6.0) solution
on the first day is shown in Fig. 6a. Between measurements on
different days, sensors were maintained at 4 °C under dry
conditions. The results confirm that over a period of 45 days,
the response for 0.2 pM Hb (PBS, pH=6.0) is 92.8% of the
initial signal (Fig. 6a). This indicates the good storage stability
of the AUE/MOF @M C-MIPs.

Sensor selectivity

The MIPs were formed after the silicon thin film produced
when TEOS hydrolyzed on the MOF @MC surface and the
copolymerization of the cross-linkers and functional mono-
mers with Hb molecules was completed. In the MIP formation
process, functional monomers and Hb molecules interact via
reversible covalent or non-covalent bonds. The functional
groups of the Hb molecule surrounded by functional mono-
mers are then fixed by a cross-linker. When Hb molecules are

(A)
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Fig. 6 (a) Time dependence of relative current response change
connecting to the original signal of the prepared AuE/MOF @MC-MIPs
in a solution containing 10 mM [Fe(CN)(,]’y_4 (1:1) mixture and 0.1 M
KCl, in PBS (pH = 6.0) with incubation time = 17.5 min, at 0.2 pM Hb on
the first day of measurement. (b) Selectivity of AuE/MOF @M C-MIPs,

AuE/MOF @MC-NIPs, bare AuE, AuE/MOF, and AuE/MOF@MC for
0.2 pM Hb, 20 pM Asc, 20 pM HSA, 20 pM BSA, 20 pM INS, 20 pM
Ala, and 20 pM Cys (n = 3), in a solution containing 10 mM [Fe(CN)é]'3/
~*(1:1) mixture and 0.1 M KCl, in PBS (pH = 6) with incubation time =
17.5 min
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Table 3 Analytical parameters of

the proposed sensing system Analyte Content (1M) Added (uM) Found (uM) Recovery % RSD % (n=5)
using spiked human blood plasma
samples Hb 30.12x10°* 0.12x10°* 025x107* 104.20 45
0.24x107* 0.35x107* 97.20 4.1
0.36x107* 044x 107 95.65 5.1

# The content was determined by a blood test meter

placed adjacent to non-template MIPs, they can only interact
through non-covalent bonding (Fig. S7). The selectivity of the
AuE/MOF @MC-MIPs was evaluated using BSA, HSA, Ala,
Lys, Cys, Asc, Lyz, and INS as competitive composites. The
signal response of each protein on the AuE/MOF @ MC-MIPs
and AuE/MOF @MC-NIPs in a similar protein concentration
(20 nM) estimated by DPV is shown in Fig. 6b. As observed,
the response of the NIPs/AuE for Hb was much lower than
that of AUE/MOF@MC-MIPs. This may be due to the com-
plementary cavities of the imprinted layer, which increased
the communication of Hb to the electrode surface, while the
NIPs operated as a barrier between the electrode and the Hb.
The DI values of the AuUE/MOF @MC-NIPs towards Hb
(30 mA) were 3.75, 10, 6, 4, 7.5, 5, 7.5 and 6 times the
corresponding values for Lyz, BSA, INS, Asc, Cys, Ala and
HSA, respectively. The results revealed that the Hb re-bound
on AuE/MOF@MC-NIPs was much greater than that of the
interfering proteins, and AUE/MOF @MC-NIPs demonstrated
good selectivity for Hb. Furthermore, Hb displayed higher
rebinding on MIPs than BSA, INS, Lyz, and HSA. Due to
steric limitation, the larger proteins (BSA, INS, and HSA)
were easier to remove from the imprinted holes, resulting in
a weak signal response. On the contrary, the relatively higher
response for Lyz may be ascribed to its much lower dimen-
sions, allowing it to easily move into the imprinted holes and
cause non-selective diffusion.

Application of the sensor in blood samples

Analysis of real samples was carried out using the standard
addition method in hemoglobin-spiked blood plasma samples

according to the literature [46, 47]. All blood samples were
analyzed by a clinical blood test for sensing the Hb concen-
tration, and the samples were then subjected to tenfold dilution
and analyzed using the AuE/MOF @MC-MIPs, according to
the proposed method. The results are reported in Table 3. As
observed, the prepared AuE/MOF@MC-MIPs detected Hb
with good recovery, which indicated that the designed AuE/
MOF@MC-MIPs could be used for real samples. Three AuE/
MOF @MC-MIPs organized under the same conditions were
used. The Hb concentration was measured by DPV according
to the procedure in section 3.2. Blood plasma samples were
obtained from the Isfahan University of Technology
Treatment Center.

Conclusion

In summary, in this work, an Ag-MOF@MC-MIPs electro-
chemical biosensor for Hb has been introduced. The com-
bined characteristics of mesoporous carbon and MOF enhance
their catalytic properties significantly. In the presence of Hb, a
barrier shell is created on the electrode surface. This restricts
the possibility for electron transfer between the electrode and
[Fe(CN)6]3_/4' solution, which results in an increase in Rct in
EIS and a decrease in DPV peak current in the AuE/
MOF@MC-MIPs. The probe performance was investigated
in blood samples, and a maximum recovery rate of 99.02%
was obtained, with RSD% = 4.5%, confirming the accuracy of
the system. Therefore, the catalytic properties of Ag-
MOF@MC were influential factors on the high sensitivity
(LOD =0.09 pM) of the developed biosensor. The system

Table 4 Comparison of proposed Hb sensor (AuE/Ag-MOF @MC-MIPs) with other reported analytical sensors for detection of Hb

Sensor Method LDR LOD Ref.
Flow injection on screen printed electrode Chronoamperometry 0.02-12.0 mg/mL 1.6 mg/ml [48]
Graphene Cyclic voltammetry 1x108to 1x1072 [46]
Curcumin Colorimetric 1-40, 50-150 pg/mL 0.1 pg/mL [49]
Au nanoparticles UV-Vis absorption 0.09-2.35 g/L 0.03 g/L [50]
Au nanoflowers Cyclic voltammetry 5-100 pg/mL - [51]
Ferrocenoyl cysteine on screen printed electrode Differential pulse voltammetry 0.1-1000 pg/mL 0.03 pg/mL [52]
Single-walled carbon nanotube on screen printed electrode Differential pulse voltammetry — 0.03 pg/mL [53]
ZnO nanoflowers Differential pulse voltammetry 1x10 "2 to 1x107" mg/L 3x10 " mg/L [54]
AuE/Ag- MOF @MC-MIP Differential pulse voltammetry 0.2 pM-1000 nM 0. 09 pM This work
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revealed good selectivity when faced with a series of interfer-
ences. In addition, the Ag-MOF@MC-MIPs showed faster
response time due to their higher mass transfer capability com-
pared with Ag-MOF-MIPs, which is an important parameter
for in situ observations. The sensor showed robustness and
repeatability parameters at adequate levels. In contrast to sim-
ilar electrochemical sensors for Hb, the developed sensor has
good efficiency (Table 4).

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-021-03453-x.
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