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Highlights:

1. As supporting materials for EMMIPs-based sensor, the ternary MGP NPs show
great conductivity and electrocatalytical activity.

2. The multifunctional EMMIPs with large surface area, excellent conductivity,
magnetic response and selectivity recognition properties were obtained on the surface
of ternary MGP NPs under mild condition.

3. Afacile and controllable EMMIPs-based sensor was fabricated by magnetic field
directed self-assembly and the factors affecting the fabrication of the sensor were
studied.

4. All steps of this method were completed independently, so the efficiency of the
analysis was improved, promoting its application in high throughput analysis of

biomacromolecular for clinical diagnosis.



Abstract

A magnetically controlled electrochemical sensing membrane for detection of
insulin was fabricated by magnetic field directed self-assembly of electromagnetic
molecularly imprinted polymers (EMMIPs). EMMIPs with excellent electrochemical
performance and multiple recognition sites to insulin were synthesized by surface
polymerization on the ternary Fes04@rGO/PANI nanoparticles (MGP NPs). The
insulin-EMMIPs obtained by recognizing insulin from sample were assembled onto a
magnetic glassy carbon electrode (MGCE) surface in order to form the magnetically
controlled membrane under the magnetic field induction, and the membrane was
peeled off from the electrode by removal of the magnet after electrochemical
measurement. In this work, the biomimetic sensing membrane could be controlled
more effectively and the electrode could be regenerated more conveniently. The novel
magnetically controlled sensing membrane showed good selectivity and
reproducibility for the determination of insulin with the detection limit reaching 17
pM (S/N=3), and this limit of detection was further reduced to 3 pM by using the
Fe(CN)s** redox probe. It has potential applications in the fields of clinical
diagnosis with real-time detection capability, high efficiency, and easy operation
properties.
Keywords: Electrochemical sensing membrane; FesOs@rGO/PANI nanoparticles
(MGP NPs); Electromagnetic molecularly imprinted polymers (EMMIPs); Magnetic

field directed self-assembly; Insulin



1. Introduction

Diabetes is a metabolic disorder in which aberrant glucose metabolism appears
owing to insulin deficiency (type 1 or juvenile diabetes) or to loss of insulin action
(type 2 or insulin-resistant diabetes). [1-2] Insulin is a polypeptide hormone produced
in the pancreas, which is vital for controlling glucose metabolism.[3] The
determination of insulin is of significant value in the clinical classification of types of
diabetes and the diagnosis of related diseases (e.g. insulinoma and trauma). However,
the low level of insulin in blood serum (on the order of picomolar) warrants the
development of highly sensitive assay methods.

Numerous detection methods for insulin have been reported, such as
radioimmunoassay, [4] fluorescence resonance energy transfer (FRET),[5]
enzyme-linked immunosorbent assay (ELISA),[6] MALDI-TOF mass spectrometry,[7]
electrochemical method.[1, 8-10] Some of these strategies share several bottlenecks
including the involvement of time-consuming operation steps, requirement of
complex instruments and well-trained operators, consumption of expensive antibodies
and radioisotopes, etc.[1-2] Among them, electrochemical method has attracted
tremendous attention because of its high sensitivity, low cost, rapid response and more
importantly, the possibility to construct portable devices easy to use for point of
care.[1, 8-10]

As a key component in the sensor system, the sensing agent has been explored
intensively both in material itself and in modification strategy. Among multifarious

approaches, the molecular imprinting technique, which possesses specific binding



sites complementary in size and shape to templates, has become a useful tool for the
fabrication of sensitive agents with a predetermined recognition ability for the
template molecules.[11-14] To date, although creating molecularly imprinted
polymers (MIPs) for small molecule have been well established, whereas the success
of imprinting of macromolecules (like proteins) is still a challenge. Major difficulties
are summarized as follows: (i) the insolubility of proteins in commonly utilized
imprinting solvents, (ii) the degradation of proteins under polymerization conditions
such as high temperature, (iii) the large molecular size and structural complexity
which restrict their diffusivity.[15-17] Surface imprinting is quite attractive for
imprinting protein as the imprinted sites are close to or at the surface of MIPs
avoiding the protein embedment in the polymer matrix, and thereby making the
elution and rebinding of the target protein easy.[18-20] As an alternative, MIPs with
multiple binding sites were explored invoking surface molecular imprinting in an
aqueous media with mild preparation conditions.

Up to now, various materials, such as magnetic nanoparticles,[21-22]
nanowires/nanotubes,[23-24] quantum dots,[25] polymer NPs,[26] and silica NPs[27]
were chosen to be solid supporting materials for surface molecular imprinting protein.
However, these works mainly focused on the investigation of protein rebinding and
recognition properties. Thus, exploration of new nanomaterials in fabricating
MIPs-based sensors is quite necessary to improve the electro-catalytic activity, the
recognition feature and the adsorption performance for the target molecules.[28-30] In

our previous study,[11] we found that it could be a satisfactory alternative for



preparing the ternary electromagnetic nanoparticles by the combination of Fe3Oa,
polyaniline (PANI) and the reduced graphene oxide (rGO) due to the special
magnetism of FesO4 and the excellent electrical conductivity of both PANI and rGO.
The ternary electromagnetic FesOs@PANI/rGO nanoparticles were successfully
served as the monomer in the fabrication of molecularly imprinted polymer
membrane by electro-polymerization, providing a promoting pathway for electron
transfer. In present study, considering the stability and binding sites of nanoparticles,
the synthesis method has been improved. The novel ternary FesOs@rGO/PANI
nanoparticles (MGP NPs) were obtained by the in situ formation of Fe3O4
nanoparticles into the graphene oxide layers followed by hydrazine hydrate reduction,
and further oxidative polymerization of aniline to generate the composite. The MGP
NPs could not only provide multiple functionalized binding sites in the matrix to form
hydrogen bond, hydrophobic action and n-7 stacking interaction with insulin, but also
afford a promoting network for electron transfer. However, to our best knowledge, no
reports have focused on the imprinting protein on the surface of the ternary
electromagnetic nanoparticles by in situ polymerization.

So far there are many novel strategies for constructing MIP-based
electrochemical sensor. Among them, electro-polymerization was one of the most
widely used approaches.[11-12, 31-33] However, a traditional MIP-based
electrochemical sensor fabricated by electro-polymerization possesses tedious
electrode modifications and the process of electrode regeneration is difficult. For this

reason, the fabrication of a common sensor suitable for batching measuring was of



great significance in the clinical diagnosis. Directed self-assembly of nanocomposites
is one of the most promising approaches for preparing novel materials and devices
with desired morphologies and properties.[34] There are two broad divisions
containing template-guided self-assemblies (e.g. physical template, chemical template
and biological template) and field-guided self-assemblies (e.g. magnetic field, electric
field, pressure gradient, light and laser).[35-36] In our previous studies, magnetic field
directed self-assembly has been confirmed as an efficient, convenient and timesaving
approach to construct the orderly and oriented geometric nanostructure.[11, 37-38]
Magpnetic field directed self-assembly by magnetic glassy carbon electrode (MGCE)
allows a controllable rebinding process and permits easy and quick magnetic
separation. Therefore, the use of MGCE and EMMIPs allows electrochemical
detection and eliminates the problem of regeneration difficulty that occurs with
traditional electrode systems.

Herein, a facile and controllable EMMIPs-based electrochemical sensor for the
detection of insulin was fabricated by magnetic field directed self-assembly of
EMMIPs by MGCE. The EMMIPs obtained on the surface of the ternary MGP NPs
under mild conditions show high selectivity to recognize the template protein from the
complex samples as well as good electrochemical properties. By installing or
removing the magnet of the electrode, the immobilization and removal of EMMIPs on
the electrode surface could be controlled flexibly. Meanwhile, the regeneration of the
modified electrodes was greatly speeded up. For this strategy, the elution and

recognition of the template molecule insulin could be completed independently



without electrode, promoting its application in the analysis of clinical samples with
high throughout. The ternary MGP NPs were characterized by CV, FT-IR, Raman,
XPS and TEM to investigate electrochemical performance, composition and
morphology, respectively. The sensors fabricated with different magnetic field
strength were analyzed by AFM to compare their microstructures, suggesting that the
morphologies of the membrane could be easily controlled by magnetic field directed
self-assembly. Furthermore, the EMMIPs-based electrochemical sensor was employed
to detect insulin in biological samples.
2. Experimental
2.1 Reagents and materials

Horseradish peroxidase (HRP) and dopamine (DA) were purchased from
Aladdin Reagent Co., Ltd. (Shanghai, China). Ascorbic acid (AA), Bovine
hemoglobin (BHB), and uric acid (UA) were obtained from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Glutathione (GSH) was purchased from Xiya
reagent Co., Ltd. (Sichuan, China). Human insulin and bovine serum albumin (BSA)
were purchased from Sigma Aldrich (St. Louis, USA). Ammonium persulfate and
aniline were purchased from Shanghai Lingfeng Chemical Reagent Co., Ltd.
(Shanghai, China). The commercial insulin radioimmunoassay Kit was purchased
from Beijing North Institute of Biotechnology (Beijing, China). The phosphate buffer
solution (PBS) was prepared by mixing the stock solution of NaH2PO4 and Na;HPO4
while the Tris-HCI buffer was prepared by mixing the stock solution of Tris and HCI.

2.2 Apparatus


app:ds:glutathione

The electrochemical measurements were performed in a conventional
three-electrode cell, using a CHI 660D workstation (Shanghai Chenhua Co., China)
with a platinum electrode as the counter electrode and a saturated calomel electrode
(SCE) as the reference electrode. The magnetic glassy carbon electrode (MGCE, ®=5
mm, magnetic field strength = 0.032 T/segment, totally 10 segments, shown in Fig. S1)
was purchased from Tianjin Incole Union Technology Co., Ltd. (Tianjin, China).
Scanning electron microscope (SEM) images were recorded with S-4800 (Hitachi,
Japan). Atomic force microscope (AFM) images were obtained by Dimension Icon
(Bruker, USA). X-ray photoelectron spectroscopy (XPS) measurements were
performed using a PHI Quantera Il spectrometer (Japan) and samples were
freeze-dried before assay. Transmission electron microscope (TEM) images were
collected using JEM2010F (JEOL, Japan). The results by radioimmunoassay were
measured by a GC-911 y counter.

2.3 Synthesis of MGP NPs

Graphene oxide (GO) was firstly synthesized by a modified Hummers method
and then Fe3s04@rGO composites were synthesized according to our previous reports
with a little modification.[37] Briefly, 230 mg GO was dispersed in 80 mL deionized
water by ultrasonic for 1 h. Then, 1.72 g FeCl»-4H,0 and 4.72 g FeCls-6H20 in 30
mL water were added to GO solution under nitrogen flow with vigorous stirring for 1
h. After that, 10 mL aqueous ammonia was added dropwise for synthesis of Fe3O4
nanoparticles. The temperature of the solution rose to 80 °C and 1.6 mL hydrazine

hydrate was added for the reduction of GO. After rapid stirring for 10 h, the obtained



black FesO4s@rGO composites were collected by external magnetic field, washed by
ethanol, deionized water successively, then dried in vacuum.

Fe30:@PANI/rGO composites (MGP NPs) were prepared as follows: To a
stirred solution of 0.83 g Fe3O4@rGO in 100 mL deionized water (containing 0.25
mM HCI), 5 mL of 1.75 M aniline was added for another 30 min stir. Subsequently, 5
mL of 0.35 M ammonium persulfate was added dropwise. After continuous rapidly
stirring for 4 h at 0-5°C, the obtained black MGP NPs were separated by external
magnetic field, washed with deionized water until neutral and then stored in 50 mL
nitrogen saturated deionized water at 4 °C.

2.4 Preparation of EMMIPs

The monomer (MGP NPs, 100 mg/20 mL 0.2 M pH 7.4 Tris-HCI buffer),
template (insulin, 16 mg/10 mL 0.01 M HCI) and the both co-monomer and
cross-linker (aniline, 0.03 M, 5 mL) were mixed together and stirred moderately for 2
h under nitrogen protection to complete the pre-assembly through hydrogen bonding,
n-n stacking and hydrophobic interactions. Then, 5 mL of 6 mM ammonium
persulfate solution was added and the mixture was stirred continually at 0-4 °C for
another 4 h to complete the reaction. Subsequently, in the elution procedure, 20 mL of
2 M HAc:MeCN (1:4) was mixed with the separated nanocomposites, and treated for
40 min to remove the template insulin. Electromagnetic non-imprinted polymers
(EMNIPs) were prepared following the above steps without template for comparison.
The route for the preparation of EMMIPs was shown in Scheme 1.

2.5 Fabrication of EMMIPs-based sensor
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For insulin determination, 10 mg of EMMIPs were dispersed in 4 mL of
Tris-HCI buffer solution (0.1 M, pH 7.4) containing different concentrations of insulin,
and then were shaken continuously using a vortex mixer for 20 min. Insulin-EMMIPs
were obtained by selectively adsorption and recognition of insulin, and 0.5 mL of
them were separated from the solution and then transferred into 1.5 mL 0.1 M
KCI-PB solution (0.02 M, pH 7.4). Next, a MGCE with the magnet was inserted into
the solution slowly and maintained in a vertical position, leading to accumulation of
EMMIPs on the MGCE surface. The EMMIPs-based sensor was obtained after 5 min,
and then the DPV electrochemical signal was measured. After use, the electrode was
regenerated by removal of the magnet within the electrode. The process for the
fabrication of the EMMIPs-based sensor and the detection process were shown in
Scheme 1. In order to reveal the specialty of the as-prepared sensor, a traditional
molecularly imprinted electrochemical sensor (MIES) was fabricated by
electro-polymerization following the similar procedure described above and the
electro-polymerization was conducted according to our previous study.[38]

Scheme 1 here
2.6 Serum Sample Analysis

Human serum samples were obtained from the People’s Hospital of Gaochun.
They were firstly treated with filtration using Amicon® Ultra 10K centrifugal filter
(Millipore Corp., USA), and then 500 uL filtrate was diluted with equal amount of
Tris-HCI buffer solution (0.2 M, pH 7.4). The analysis process was conducted

similarly to the fabrication of EMMIPs-based sensor detailed in section 2.5. For
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comparison study, they were also measured by radioimmunoassay clinically used.
3. Results and discussion
3.1 Characterization of the ternary MGP NPs

The elemental components of ternary MGP NPs are analyzed by XPS (Fig. 1A),
indicating the co-existence of C, N, O, and Fe elements in the ternary MGP NPs. The
Fe 2p XPS spectra of the nanocomposite (inset in Fig. 1A) exhibit binding energy
peaks at 710.6 eV (Fe 2psi2) and 723.9 eV (Fe 2p1s2), suggesting the existence of
Fe304.[39] The C 1s spectra (Fig. 1B) can be deconvoluted into five peaks, the peaks
at binding energies of 284.6, 285.5, 286.5, 288.3, and 289.1eV are ascribed to the
C=C, C-N, C-0, C=0, and O-C=0 species, respectively.[40] Compared to C 1s
spectra of GO [40], an additional peak at around 285.5 eV (C-N) suggested the
presence of PANI in the ternary MGP NPs. Besides, due to the reduction of graphene
oxide by hydrazine hydrate, the peak intensities of the oxygenated carbon become
much weaker. As shown in Fig. 1C, the N 1s spectra can be resolved into three
individual component peaks centered at 398.2, 400.0 and 401.2 eV, corresponding to
the quinoid imine (=N-), the benzenoid amine (-NH-) and the cationic nitrogen atoms
(-N*-), respectively.[39, 41] All these peaks are characteristic to the doped PANI.

Moreover, the FT-IR spectra and Raman spectra are used to characterize the
structure and composition of GO, FezO04s@rGO and Fe3s0.@rGO/PANI, respectively
(Details are available in section 2 of supplementary materials).

To characterize the morphology and microstructure of the ternary MGP NPs,

TEM images are conducted and the results are presented in Fig. 1D. It is evident that

12



large-scale FesO4 nanoparticles with a relatively uniform size and granular structure
are intercalated onto rGO sheets functionalized by PANI via a simple coprecipitation
route. Besides, even if sonication was used during the preparation of TEM samples,
these Fe3O4 nanoparticles are still firmly attached onto the sheets, which indicates
there is an excellent adhesion between PANI-functionalized rGO sheets and FezO4
nanoparticles. The SAED pattern (inset in Fig. 1D) exhibited considerably sharp
ring-like feature, revealing the polycrystalline feature of FezOa.

Fig. 1 here
3.2 Electrochemical behavior of the sensors

EIS and CV were effective tools for probing the electrochemical properties of the
sensor using Fe(CN)s®** as probe and detailed electrochemical detection conditions
were provided in supplementary materials. Fig. 2A illustrates the CV curves of the
fabrication process. A couple of reversible redox peaks were obtained in curve a of
bare MGCE. After modifying MGP NPs (curve b), an enhancement of peak currents
of the electrode was observed, possibly owing to the large surface coverage and good
electrochemical properties of MGP NPs. Before the elution of insulin from the
EMMIPs, the peak current dropped obviously and the peak gap of the redox potential
became wider (curve c) due to the electronically inert character of insulin. The peak
value obviously increased after removing templates (curve d), indicating that
imprinted cavities caused by the removal of insulin formed the channels for the probe
Fe(CN)s>* to reach the surface of the electrode. When the resultant EMMIPs reacted

with excess insulin targets (curve e), the electron transfer of Fe(CN)s*>7*~ was blocked
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and the peak currents almost restored to the original value (before elution).

To investigate the electron transfer occurring at the electrodes, EIS
measurements are also performed (Fig. 2B). The semicircle diameter equals the
charge transfer resistance (Rct) which represents the electron-transfer kinetics of the
redox probe at the electrode interface.[42] The equivalent circuit model (inset of Fig.
2B) is used to fit the Nyquist plots, and the fitting parameters are listed in Table S1.
The Nyquist plots for bare MGCE showed a small well-defined semicircle (curve a),
indicating small interface impedance. Due to the large surface coverage and the good
electronic transfer ability, the MGP NPs-modified MGCE (curve b) presented lower
diameter (Rct= 226 Q) than bare MGCE (Rct = 379 Q). The assembly of EMMIPs
onto the electrode increased the Rt to 859 Q (curve c). After the elution of template
(curve d), an obvious reduction of the semicircle diameter (Re¢t= 172 Q) was observed.
This Retwas lower than that of MGP NPs-modified MGCE (curve b), indicated that
the conductive imprinting layer over the ternary MGP NPs was successfully
fabricated. When insulin was adsorbed to the imprinted cavities, the diameter (Rct=
788 Q) almost resumed to the level before elution (curve e). These results are in
agreement with those of CV method, validating that the prepared EMMIPs-based
sensor could be preliminarily applied for the monitoring of insulin.

Fig. 2 here
3.3 Optimization of EMMIPs preparation conditions
Aniline acted as the co-monomer to interact with insulin as well as the

cross-linker for forming imprinted membrane in the situ polymerization method. The
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suitable ratio of insulin and aniline directly influenced the imprinting efficiency. As
shown in Fig. 3A, the current response reached maximum when the concentration
ratio of insulin to aniline was 1: 50. Low amount of aniline resulted in lacking of
enough binding sites and poor electrochemical performance. However, superabundant
aniline would lead to excessive cross-linking degree, making it difficult to remove
templates. And too much aniline might pose difficulty in magnetic separation.

In pre-assembling process, MGP NPs interacted with template molecules through
hydrogen bonding, hydrophobic action and n-x stacking interaction. Therefore, when
the amount of MGP NPs was fixed, the optimization of the concentration of insulin
was an important factor for studying the electrochemical properties of EMMIPs.
When the concentration of template was higher than 0.4 g L%, templates tended to
cluster, causing an augment in the size of imprinting cavities and thereby affecting the
specificity and sensitivity of the EMMIPs. When the concentration of the target
molecules was lower than 0.4 g L, the DPV current was also reduced since a few
number of cavities were fabricated. The EMMIPs had a highest current response with
0.4 g L concentration of insulin (Fig. 3B).

The polymerization time during the synthetic process could control the thickness
of PANI layer, which was closely related to imprinting effect. The prepared EMMIPs
were conductive dark green product. When polymerization time was shorter than 4 h,
the oxidation peak current of insulin in EMMIPs was poor. As extending the
polymerization time, the Ip value of insulin increased, indicating the augment of the

amount of insulin in EMMIPs. When polymerization time was more than 4 h, Ip value
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reduced, demonstrating that insulin was embedded too deep to be eluted. Fig. 3C
showed the optimal polymerization time was 4 h.
Fig. 3 here
3.4 Measurement of surface area

Methylene blue (MB) adsorption method was applied to measure the surface
areas of EMMIPs and traditional MIES (fabricated by electro-polymerization).[43]
Accordingly, 10 mg of EMMIPs and similarly prepared MIES were placed in 5 mL of
MB solution of aware concentration for 12 h, respectively. A standard curve between
absorbance at 618 nm and concentration of MB (32.5-325 umol L) was employed.
From the MB concentration difference before and after adsorption onto the polymer,
the amount of adsorbed MB could be predicted. The surface area was calculated by
the following equation:

e GN,, @107
ST MM,

where A is the surface area (m? g 1), G is the amount of MB adsorbed (g), Nay is the
Avogadro’s number, ® is the MB molecular cross-section (197.2 A%), My is the
molecular weight of MB (373.9 g mol ™) and M is the mass of adsorbent (g).[43]
EMMIPs presented higher surface area (123.46 m? g™?) than traditional MIES
fabricated by electro-polymerization (49.36 m? g 1), indicating of more effective
imprinting sites in the sensor fabricated by the magnetically controlled modification
than the traditional electro-polymerization.

3.5 Control of the membrane

3.5.1 Advantages of magnetic field directed self-assembly
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Our proposed EMMIPs-based sensor was fabricated by magnetic field directed
self-assembly, and surface morphology of the sensor was uniform and dense
characterized by SEM (Fig. S2). This indicated that magnetic field has been emerged
as the driving force to direct the assembly of the EMMIPs, allowing nanostructures to
be grown in a specific directional manner. Also, the immobilization and removal of
EMMIPs on the electrode surface could be controlled freely by using an external
magnet (Fig. S1).

3.5.2 Factors affecting the fabrication of the sensor

DPV method was used to explore the current of the sensor prepared with various
magnetic field strengths and EMMIPs concentrations, respectively. As shown in the
histogram of Fig. 4, the highest current response was achieved by the sensor
fabricated with the modest magnetic field strength and EMMIPs concentration. And
each magnetic field strength of the MGCE had the most suitable concentration of
EMMIPs to fabricate the sensor with highest current. When the concentration of
EMMIPs was constant, the amount of the EMMIPs absorbed to the surface of the
electrode rose with the increasing magnetic field strength, leading to the growth of the
current response of the sensor. However, high magnetic field strength probably caused
the over-rapid aggregation of the EMMIPs and low current response was obtained.
These results indicated that the fabrication of the membrane depends on the
interaction between the EMMIPs and magnetic field, and a desired membrane with
high sensitivity can be achieved based on moderate interaction. Adjusting the

magnetic field strength and altering EMMIPs concentrations were observed to be two
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strategies to control the sensor.
3.5.3 AFM Characterization of the sensor prepared with various magnetic fields

The morphology of the MIPs membranes fabricated with various magnetic fields
was further investigated by AFM, and the images were obtained using tapping mode.
As shown in Fig. 4A-F, the sensor surface exhibits an island-like structure and the
surface islands of the sensor prepared with magnetic field appear in clusters and
well-distributed. The roughness of D-F was about 21.1 nm, 35.9 nm, and 81.2 nm,
respectively, and the cluster became larger with the increase of the magnetic field
strength. This indicated that the nanostructure of membrane could be easily controlled
at the microscopic level by varying the magnetic field strength of MGCE.

Fig. 4 here
3.6 Evaluation of the adsorption characteristics

The adsorption isotherms of EMMIPs and EMNIPs to insulin were plotted in Fig.
5A. As the concentration of the templates increased, the current of EMMIPs-based
sensor rose quickly until equilibrium, while the current of EMNIPs-based sensor
remained almost constant. It exhibited the EMMIPs had a better performance of
memory function and adsorption ability for insulin.

The adsorption and desorption kinetics of EMMIPs was investigated with 25 nM
insulin solution at different time points. As Fig. 5B showed, EMMIPs reached
adsorption and desorption equilibrium within approximately 20 min and 15 min,
respectively, indicating that EMMIPs has excellent Kinetics performance.

Fig. 5 here
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3.7 Molecular recognition

To investigate the selectivity of EMMIPs-based sensor, we actualized the
competitive recognition under the optimum conditions in a mixture of three proteins
(BSA, BHB and HRP) with equal concentration and four possible coexisting small
molecules (UA 200 umol L™, AA 100 umol L%, DA 0.25 umol L tand 0.25 pmol
Lt GSH, considering their normal physiological levels) over 2.5 nmol L™ insulin,
respectively. The anti-interference property of the sensor was evaluated via
calculating the DPV current assayed in the presence and absence of interference
components, respectively. Fig. 5C revealed that the presence of small molecules can
hardly cause the obvious change of the response current of insulin (current% varied
from 94% to 104%) while the presence of macromolecules had a mild effect on the
current ratio (current% varied from 87% to 90%). Moreover, the effect of some ions
(Na*, K*, Mg?*, Ca?*, CI,, HCO3) co-coexisting with insulin was investigated as their
concentrations were 100 times higher than that of insulin. In Fig. S6, these ions did
not interfere with the detection. These results demonstrated that the imprinted sensor
can avoid the interference of the coexisting components and ions that existed
commonly in biological samples and thus can allow the detection of insulin in a
complex matrix. The selectivity performance of the sensor might be attributed to the
multiple recognition sites in the EMMIPs for specifically recognizing target
molecules. Therefore, the imprinted sensor can be used as recognition material to the
selective determination of insulin.

3.8 Reproducibility and stability
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To explore the reproducibility of the EMMIPs-based sensor, the experiments
were performed in 2.5 nM insulin. The proposed sensor was regenerated with a peak
current RSD of 4.8% using three different EMMIPs obtained from three separate
synthesis reactions. The excellent reuse capacity was obtained with a RSD of 6.3%
calculated using EMMIPs with 10 times of elution, adsorption and measurement. The
stability of the sensor is also an important factor to be considered. The EMMIP was
stored for about 20 days, and current response of insulin retained at 90% compared to
recently synthesized EMMIP, indicating excellent stability.

3.9 Calibration curve and detection limit

The DPV responses of EMMIPs adsorbing insulin with different concentrations
were further evaluated under optimal working conditions. Related oxidation
mechanism were discussed in section 6 of supplementary materials. The DPV currents
suggest an oxidation of electroactive tyrosine residues in the insulin molecule. Two
calibration curves between the peak currents and different insulin concentrations were
obtained and the limit of detection of this method was 17 pM (S/N = 3). The details
were specified in section 7 of supplementary materials.

By diagnosing the levels of insulin, one can predict the type of diabetic.
However, the level of insulin in blood serum was on the order of picomolar. We
therefore used the soluble Fe(CN)s**" redox probe to further improve the sensitivity
of the proposed method. Similar to the operation described in section 2.5, the
EMMIPs were magnetically absorbed to the surface of MGCE after the binding with

different concentrations of insulin, and then DPV method was conducted in PB
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solution (0.02 M, pH 7.4) containing 10 mM Fe(CN)s*># and 0.1 M KCI. As
expected, the DPV current signals of the Fe(CN)s>* probe decreased with the
binding of increasing insulin concentration-EMMIPs adsorbed to the MGCE (Fig.
6A). A calibration curve between the concentration of insulin and the peak current
was obtained (Inset of Fig. 6A) and could be described as Ip (uA) = -16.09C (nM) +
87.27 (R? =0.978) in the range of 0.01-1 nM, with a detection limit of 3 pM. It is
likely that this sensitivity is, at least partially, aided by the insulin negative charge (the
isoelectric point of human insulin is about 5.4[44]) at pH 7.4 and the resulting
electrostatic repulsion of the negatively charged redox probe. The comparison of our
sensor with other reported sensors in determining insulin is summarized in section 8
of the supplementary materials.

Fig. 6 here
3.10 Application to real serum samples

Our ultimate goal is to employ the proposed method for the diagnosis and
classification of diabetes. Therefore, the insulin levels of 18 serum samples from
diabetic patients and healthy volunteers under a fasting condition were quantified by
the EMMIPs based sensor (Fig. 6B). The normal level of serum insulin under a
fasting condition is 5-25 mIU L (35-173 pM), whereas lower or higher
concentrations are characteristic of type 1 and onset of type 2 diabetes,
respectively.[45-46] From the red dots in Fig. 6B, 3 patients (insulin levels:
28.93-31.30 pM) were diagnosed with type 1 diabetic while 6 patients (insulin levels:

183.54-223.39 pM) suffered from type 2 diabetic. And the insulin levels of the others
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(48.71-120.61 pM) were within the normal range. The analysis results were further
compared to those obtained by radioimmunoassay used clinically (black dots of Fig.
6B). For statistical analysis, a paired t-test and linear regression analysis between the
two methods was performed. The t value 0.645 were less than terit (terit17, 0.05) = 2.110).
Moreover, the linear regression equation was y = 0.9991x — 0.0258 (R? =0.989, x-axis:
by our method; y-axis: by radioimmunoassay). The slope and intercept of the equation
were near to the ideal values 1 and 0, respectively. These results indicated a good
consistency between both methods. Furthermore, as shown in Table S4, our proposed
EMMIPs based sensor shows several advantages in rapid, simple and convenient
detection, easy operation, low cost and low pollution compared with the clinically
available radioimmunoassay. These results suggested that our proposed
EMMIPs-based sensor showed potential value for clinical determination of insulin.
4. Conclusions

A facile and controllable EMMIPs-based sensor was fabricated via magnetic
field directed self-assembly for the measurement of insulin in real biological samples.
The multifunctional EMMIPs with large surface area, excellent conductivity,
magnetic response and selectivity recognition properties were obtained on the surface
of ternary MGP NPs under mild condition. The EMMIPs-based sensor showed good
sensitivity, selectivity, and efficiency for insulin detection in biological samples.

We summarized the superior merits of the as-obtained sensor as follows: (i) By
magnetic field directed self-assembly, the EMMIPs could be fast oriented and

assembled orderly on the surface of the electrode to form sensitive electrochemical
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sensor; (ii) The membrane could be easily fabricated or removed by using a freely
controllable external magnet, and also, it could be controlled by adjusting the
magnetic field strength or altering EMMIPs concentrations; (iii) The regeneration of
the electrode after use is simple and efficient; (iv) All steps of this method were
completed independently, so the efficiency of the analysis was improved. We believe
that this sensor is an improved detection method for biomarkers, and a valuable tool

with potential applications in high throughput analysis for clinical diagnosis.
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Figure captions:

Fig. 1 XPS spectra of survey scan (A), Fe 2p (inset in A), C 1s (B) and N 1s (C) for
MGP NPs. (D) TEM images of ternary MGP NPs (Inset: the SAED pattern of MGP
NPs).

Fig. 2 (A) Cyclic voltammograms of 10 mM Fe(CN)s*# and 0.1 M KCI at bare
MGCE (a), MGCE modified with MGP NPs (b), EMMIPs-based sensor before (c)
and after elution (d), EMMIPs-based sensor adsorption of insulin(e). (B) Nyquist
plots for EIS measurements of 10 mM Fe(CN)s* 7~ and 0.1 M KClI at bare MGCE (a),
MGCE modified with MGP NPs (b), EMMIPs-based sensor before (c) and after
elution (d), EMMIPs-based sensor adsorption of insulin(e). The inset of B is the
equivalent circuit for the EIS test.

Fig. 3 The optimal results of EMMIPs preparation. (A) the molar ratio of insulin to
aniline (Cinsulin : Caniline), (B) the concentration of insulin (Cinsuiin), (C) incubation time.
Fig. 4 (Histogram) DPV current response of the EMMIPs-based sensor prepared with
various magnetic field strengths of the MGCE and different EMMIPs concentration,
respectively. AFM images (A-C) and 3D AFM images (D-F) of the sensor prepared
with 0.032 T, 0.128 T and 0.256 T magnetic field strength of MGCE, respectively.
Fig. 5 (A) The adsorption isotherms of EMMIPs and ENNIPs. (B) Adsorption and
desorption kinetics of EMMIPs. (C) DPV Peak current of the EMMIPs-based sensor
to 2.5 nmol L™* insulin in the presence of BSA, BHB, HRP, UA, DA, AA or GSH,

respectively.
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Fig. 6 (A) DPV current signals of the Fe(CN)s*>7* probe of EMMIPs adsorbed to the
MGCE after the binding of insulin with increasing concentration (a-h: 0.01-1 nM); the
inset: the calibration curve. (B) The assay results of insulin levels for human serum
samples by using our method (red dots) and the radioimmunoassay (black dots).
Scheme 1 Schematic representation for the preparation of EMMIPs and the process of

electrochemical detection.
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Fig. 5
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