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Abstract 

This thesis presents the utilization of molecularly imprinted polymer 

(MIP) biomimetic receptors as recognition elements in the development of two MIP 

electrochemical biosensors. One is a MIP cryogel for the direct detection of insulin, 

performed in a flow system. The other is an electrochemical biosensor with dual MIPs 

for the simultaneous determination of creatinine and albumin to provide the albumin to 

creatinine ratio (ACR) value. The insulin sensor was prepared using a gold electrode 

modified with carboxylated multiwalled carbon nanotubes (f-MWCNTs) to provide a 

large surface area platform for the high loading of the MIP cryogel and to increase the 

conductivity of the sensor. The MIP cryogel porous structure provided a large number 

of the imprinted recognition sites and improved the access of insulin to/from the MIP 

cavities. In addition, the flow system facilitated the mass transfer and limited the non-

specific binding. This MIP cryogel provided a 0.050-1.40 pM linear range and a low 

limit of detection (LOD) of 33 fM with good stability at room temperature. For the dual 

MIP sensor, it was prepared on the dual screen-printed carbon electrodes (SPdCEs) 

modified with f-MWCNTs and redox probes, polymethylene blue (PMB) and ferrocene 

(Fc). The surface imprinting and electropolymerization were carried out to obtain more 

controlled imprinted binding sites of the two analytes on the respective electrode. This 

sensor was able to selectively recognize the two analytes with linear ranges of               

5.0-100 ng mL-1 and 100-2500 ng mL-1 for creatinine and 5.0-100 ng mL-1 for albumin 

with an LOD of 1.5±0.2 ng mL-1 and 1.5±0.3 ng mL-1, respectively. The two MIP 

electrochemical biosensors exhibited good reusability and the real sample detection 

results showed comparable performances to the clinically employed standard methods 

(P  0.05). The good performances of these MIP electrochemical biosensors, i.e., high 
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sensitivity and selectivity, low limit of detection, and high stability indicate their 

potential as alternative methods for analysis. 
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The Relevance of The Research Work to Thailand 

 

 The purpose of this Doctor of Philosophy Thesis in Chemistry (Analytical 

chemistry) is the development of electrochemical biosensors using molecularly 

imprinted polymer (MIP) as recognition element. These developed MIP 

electrochemical biosensors can be applied to measure target analytes in clinical 

analysis, such as insulin, urine creatinine, and albumin, which can be beneficial as 

alternative methods for the quantitative analysis of trace target analytes by several 

governmental and private sectors in Thailand. 
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1. Introduction  

1.1 Background and rationale 

In recent years, biosensors have been developed as a promising tool in 

medicine for early diagnosis of numerous diseases. A biosensor is referred to as a device 

providing the quantitative and/or qualitative analytical information by incorporating a 

biorecognition element and a transducer (Karunakaran et al., 2015). The biorecognition 

element has a significant role in obtaining high selectivity through its specific binding 

to the target analyte. Biomolecules such as antibodies, enzymes, nucleic acids, and 

whole cells are biorecognition elements, employed to provide such high specificity. 

However, they are relatively expensive with poor stability  (Iskierko et al., 2016).  

To replace biomolecule recognition elements, several synthetic 

biomimetic receptors such as peptide nucleic acids (PNA), aptamers, and molecularly 

imprinted polymers (MIPs) are now being considered. They provide a more stable, cost 

effective, high affinity binding ability similar to the biomolecules (Justino et al., 2015). 

Among these biomimetic receptors, MIPs are frequently used due to their capability of 

mimicking biomolecules with complementary recognition sites, shape, and functional 

groups. Their attractive features are high thermal and chemical stability, low cost and 

relatively simple preparation (Scognamiglio et al., 2015). They are produced by the 

polymerization of functional monomers around a template molecule (the target analyte) 

and its removal at the end of polymerization (Ansari, 2017; Iskierko et al., 2016).  

The binding between an analyte and the MIP imprinted cavity is mostly 

an affinity reaction. The detectable response, by a transducer, is the measure of a 

physicochemical change after the rebinding of the target analyte to the MIP. The 

electrochemical, optical, piezoelectric or thermal transducers, convert such a binding 

into a measurable signal. A biosensor based on electrochemical transduction has more 

advantages due to its high degree of selectivity and sensitivity, low cost, and quick 

analysis (Mani et al., 2021). This type of biosensor monitors the analyte as an electrical 

signal that is produced by the interaction of the analyte and the recognition element at 

the sensing electrode (Rassaei et al., 2011). By combining the MIP and electrochemical 

transducer, an effective biosensor with superiority for selective and sensitive detection 
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is promising. Some recent reports of the MIP based electrochemical biosensors have 

shown high selectivity and sensitivity to a wide range of small molecules and metal 

ions (Torkashvand et al., 2017; Zheng et al., 2018). They have also been developed for 

large molecules and multi analytes detection (Fatoni et al., 2014; Khumngern et al., 

2022; Liu et al., 2019; Zhang et al., 2022). 

MIP electrochemical biosensor signal can either be based on direct or 

indirect measurement. For a non electroactive analyte, direct measurement can be 

obtained through the change of electrical property of the electrode surface such as 

resistance and capacitance change (Trevizan et al., 2021). For example, a capacitive 

technique measures the change in dielectric property as a result of the rebinding 

between the analyte and the MIP (Ertürk & Mattiasson, 2017). This technique is 

convenient for the detection of non-electroactive analytes such as trypsin (Ertürk et al., 

2016), amphetamine (De Rycke et al., 2021; El-Akaad et al., 2021), and imidacloprid 

(El-Akaad et al., 2020) by observing the decrease of the total capacitance when the 

binding occurs on the perfect insulating MIP layer. Alternatively, when the rebinding 

involves an electroactive analyte and is followed by the transfer of electron to the 

electrode surface, this can be directly detected as a current response that increases with 

the concentration of the analyte. One of the most widely used detection technique is 

voltammetry that monitored the current response of the rebinding at an applied potential 

(Suryanarayanan et al., 2010). For example, the voltametric detection of histamine 

(Herrera-Chacón et al., 2020) or tyrosine (Herrera-Chacón et al., 2020) using the MIPs 

by monitoring the oxidation currents after their rebinding. This direct detection using 

voltammetry technique is investigated for the detection of insulin, an electroactive 

compound (Paper I). 

For a non-electroactive analyte, the indirect measurement is commonly 

performed via an external or internal redox probe with electrochemical impedance 

spectroscopy (EIS) and voltammetry. With an external redox probe such as 

Fe(CN)6
4−/Fe(CN)6

3− (Khosropour et al., 2023) or Ru(NH3)6
2+/Ru(NH3)6

3+ (Peng et al., 

2016), the electron transfer between the probe in the solution and the electrode surface 

was hindered by the rebinding of the analyte to the imprinted cavity, thus either 

resistance or current response can be recorded (Elfadil et al., 2021). With a conductive 
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MIP, the change of resistance or current response might not only be from the hindering 

of the electron transfer of the probe but also possibly from the electrochemical property 

of the MIP such as the decrease of MIP conductivity due to the diffusion of the probe  

(Sharma et al., 2019). Also, the diffusion of the probe could influence the MIP-analyte 

interaction (Mazzotta et al., 2016). It is preferable to obtain the response of the 

rebinding solely from the internal redox probe such as ferrocene (Fc) (Khumngern et 

al., 2022) and polymethylene blue (PMB) (Phonklam et al., 2020). Furthermore, the 

combination of different MIPs and different internal redox probes with distinct 

oxidation/reduction potentials could be developed for simultaneous multianalyte 

detection (Paper II).  

To improve biosensor performance, carbon nanomaterials such as 

multiwalled carbon nanotubes (MWCNTs), single walled carbon nanotubes 

(SWCNTS), and graphene that have a large surface area to volume ratio, good 

conductivity, and biocompatibility are beneficial (Yang et al., 2018). Multiwalled 

carbon nanotubes (MWCNTs) are often used due to their large surface area, high 

strength and stability (Dai et al., 2015). Their surface can also be easily functionalized 

with carboxylic acid groups (f-MWCNTs) resulting in high dispersibility, thus, 

providing an evenly distributed MWCNTs on the electrode surface (Huang et al., 2019; 

Ni et al., 2020). Therefore, it is interesting to incorporate f-MWCNTs and MIP for the 

development of electrochemical biosensors which can be performing in a flow (Paper 

I) or a batch system (Paper II). 

 

1.2 Objectives  

To develop electrochemical biosensors using MIPs as biomimetic 

recognition elements for single and simultaneous detection. Two sub-projects were 

studied as follows. 

Sub-project I: Electrochemical sensor based on molecularly imprinted polymer 

cryogel and multiwalled carbon nanotubes for direct insulin detection (Paper I). 

Sub-project II: Molecularly imprinted polymer dual electrochemical sensor for the 

one-step determination of albuminuria to creatinine ratio (ACR) (Paper II). 
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2. Biosensor 

A biosensor is a device that employs a biorecognition element and a 

transducer to provide analytical information (Thévenot et al., 2001). The biorecognition 

element has an important role in picking out the target analyte and generating the 

information such as analyte concentration, to be transferred to a transducer (Figure 

2.1). The transducer, whether it be electrochemical, optical, piezoelectric, or thermal, 

then converts the information from the interaction between the recognition element and 

target into a measurable signal (Justino et al., 2010).  

 

 

Figure 2.1. Schematic diagram of a biosensor with types of biorecognition element and 

transducer. 

 

2.1 Molecularly imprinted polymer (MIP) a biomimetic receptor 

A biorecognition element or bioreceptor, either a biological or 

biomimetic molecule, is the part of a biosensor that can provide the selective 

recognition to the target analyte in the presence of interferences. Biological recognition 

elements such as enzyme, antibodies, nucleic acids, and whole cells provide selectivity 

for the target analytes, but they lack stability and have high preparation cost (Iskierko 

et al., 2016; Justino et al., 2015). These limitations lead to the development of synthetic 

recognition elements such as peptide nucleic acid (PNA), aptamer, and molecularly 

imprinted polymers (MIP). 
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PNA and aptamer are nucleic acids mimic that can provide stable 

binding to target analytes. PNA provides a more stable binding to a single stranded 

DNA than DNA itself due to the neutral pseudopeptide backbone (Scognamiglio et al., 

2015). As for aptamer, its ability to form a three-dimensional structure has increased its 

affinity and stability towards the target analyte (Álvarez-Martos et al., 2015). However, 

PNA and aptamer still require complicated synthesis and high preparation cost. 

Molecularly imprinted polymer (MIP) is a polymer synthesized with 

binding sites which can specifically bind to target analytes. The specific binding sites 

are obtained from the polymerization of functional monomer around the template 

(target analyte) through covalent or non-covalent bonding and the removal of template 

(Figure 2.2) (Scognamiglio et al., 2015). Such binding sites are complementary to the 

target analyte in size, shape, and position of the functional groups, therefore, MIPs are 

able to mimic variety of analyte receptors with high affinity.  As a control of the 

recognition property, non-imprinted polymer (NIP) is generally synthesized with the 

same conditions, but without the addition of the target analyte template (Rebelo et al., 

2021; Scognamiglio et al., 2015).  

 

 

Figure 2.2. Schematic of the molecularly imprinted polymer (MIP) preparation. 

Polymerization of functional monomer and template (target analyte) followed by 

removal of the template to obtain the specific binding sites. (Adapted from 

Scognamiglio et al., 2015 with permission). 

 

Bulk polymerization is the most common and simplest method to obtain 

the MIP. In this type of imprinting, the template (target analyte) was simply added to 
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the functional monomer and the imprinted cavities are obtained during the 

polymerization, distributed all over the bulk. This strategy was used for the preparation 

of the MIP to selectively recognize insulin, the targeted analyte (Paper I). Hence, the 

insulin molecules are imprinted whole in the polymer matrix. The functional groups of 

the monomer should be complementary to those of the insulin to provide the selective 

interaction between the insulin and the MIP. Monomers such as chitosan and 

acrylamide with their functional groups such as carboxyl, amino, hydroxy, and amide 

(Figure 2.3A), were able to form a stable pre-polymerization complex with insulin with 

strong reversible binding (Wackerlig & Schirhagl, 2016).  

Due to the large size of the insulin, its release and rebinding to the cavity 

needs further attention to obtain a transducer with a high loading of an MIP layer. An 

attractive structure suitable for the task is cryogel, a porous material with interconnected 

micropores that provides a large surface area. Its porosity also enhances the access of 

analytes to the imprinted cavities as well as their removal (Aslıyüce et al., 2019; Fatoni 

et al., 2014). This material can be easily fabricated on a transducer via the drop-casting 

of the pre-polymer mixture followed by freezing and thawing process (Zhang et al., 

2019) (Figure 2.3B). The MIP and cryogel produced a synergistic improvement of 

insulin detection achieving a high surface area to volume ratio and improving the 

remove/binding access of insulin to the imprinted cavities which increase sensor 

sensitivity and stability (Paper I). 
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Figure 2.3. Preparation of MIP cryogel using insulin as template, (A) chitosan and 

acrylamide as functional monomers, crosslinker bis-methyleneacrylamide, accelerator 

TEMED, and initiator APS through (B) bulk polymerization method followed by 

cryogelation (freezing and thawing) and template removal. Prior to drop-casting pre-

polymer MIP mixture, the electrode was modified with f-MWCNTs (Paper I). 

 

Another strategy for the preparation of the MIP is surface imprinting. 

This procedure provides the templates imprints (albumin and creatinine) very close to 

the transducer surface (Figure 2.4) (Paper II). The preliminary anchoring of the target 

analyte to the transducer surface produce uniformly distributed binding sites (Liu & 

Dykstra, 2022; Mazzotta et al., 2022). Electropolymerization is a suitable method to 

prepare surface imprinting MIP on the transducer surface. By varying the number of 

scan cycles, a suitable thickness of polymer film for albumin and creatinine can be 

obtained especially with the huge size difference between albumin (66.7 kDa) and 

creatinine (113.1 Da). A conductive monomer such as o-phenylenediamine (o-PD), 

with abundant presence of amine groups (-NH2) was able to provide a 

electropolymerized platform for anchoring and binding with albumin and creatinine 

with good chemical and mechanical stability (Malitesta et al., 2012) (Paper II). 
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Figure 2.4. Preparation of albumin MIP and creatinine MIP using surface imprinting 

through anchoring the albumin and creatinine templates on an electropolymerized layer 

of poly(ortho-phenylenediamine) (PoPD) followed by electropolymerization of ortho-

phenylenediamine (o-PD). Prior to the electropolymerization first PoPD the electrode 

was modified with f-MWCNTs and redox probe (Paper II). 

 

2.2 Transducer 

A transducer converts the interaction between the biorecognition 

element and target analyte into a measurable signal (Justino et al., 2010). Biosensors 

can be classified according to the type of transducer such as electrochemical, optical, 

or piezoelectric sensor. Among them, electrochemical transduction provides more 

advantages due to its high sensitivity and simple to construct (Zhu et al., 2015). 

Electrochemical signals due to the interaction between target analyte and 

biorecognition element (receptor) often used in electrochemical biosensors are current, 

potential, conductivity, or impedance (Antuña-Jiménez et al., 2012).  
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3. Electrochemical detection of MIP biosensor 

The electrical signal of an MIP electrochemical biosensor is a result of 

the binding of the target analyte to the imprinted cavity. This binding can be evaluated 

directly from the target analyte or via an electrochemical probe, such as 

ferri/ferrocyanide, methylene blue or ferrocene (Blanco-López et al., 2004). 

Electrochemical impedance spectroscopy (EIS) and voltammetric detections are the 

mostly used approach to monitor such a binding, depending on the property of the 

analyte.  

For electroactive analyte, the rebinding can be monitored by the current 

response at an applied potential using voltammetry technique. The rebinding of such a 

target is followed by the transfer of electron to the electrode surface. This can be directly 

detected as a current response that increases with the analyte concentration 

(Suryanarayanan et al., 2010). In Sub-project I (Paper I), insulin is a polypeptide with 

electroactive amino acid such as tyrosine, tryptophan, and cysteine (Berzas Nevado et 

al., 1999; Marian & Allen, 1977; Zong et al., 2010), thus, its direct detection was 

observed via square wave voltammetry (SWV), a highly sensitive method due to its 

capability to minimize the capacitive current (Mirceski et al., 2013). The measured 

current is resulting from the oxidation of the rebinding insulin molecules within the 

imprinted cavities (Figure 3.1). 
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Figure 3.1. Electrochemical response of the direct measurement of insulin at 

concentrations of 0.050-1.40 pM using the MIP biosensor in 1.0 mM phosphate buffer 

at pH 5.30. Square wave voltammetry was performed at the potential range from 0.60 

to 0.90 V, with a 50 mV/s scan rate, a 5.0 mV step potential, a 0.010 mV pulse 

amplitude, and a 1.0 Hz pulse frequency. (Reprinted from Wardani et al., 2023 

copyright with permission from Talanta) (Paper I). 

 

For a non-electroactive analyte, the rebinding might cause a change in 

the conductivity and/or porosity of the MIP. This change can be monitored by 

electrochemical impedance spectroscopy (EIS) or voltammetry indirectly with redox 

probe such as ferri/ferrocyanide, methylene blue, or ferrocene (Elfadil et al., 2021). 

With the EIS technique, the charge transfer resistance (Rct) increases with its 

concentration (Cecchini et al., 2017). For the indirect measurement by a voltametric 

technique, the imprinted cavities of the MIP layer play a role as a charge transfer 

channel and the redox probe is used as the mediator. As the non-electroactive analyte 

binds to the imprinted cavity, the electron transfer of the probe is blocked, thus, the 

current decreases with the analyte concentration (Antuña-Jiménez et al., 2012; 

Suryanarayanan et al., 2010). 

The MIP based electrochemical biosensor has also been developed to 

simultaneously detect two analytes. The binding of electroactive analytes with distinct 

oxidation/reduction potential and the MIPs can be detected directly (Liu & Dykstra, 
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2022). As for the non-electroactive analytes, they need different redox probes to 

discriminate their signals. Figure 3.2 shows an example of the simultaneous detection 

of creatinine and albumin using the dual MIP sensor with polymethylene blue (PMB) 

and ferrocene (Fc) (Paper II). The different oxidation potentials of the two redox 

probes allow the rebinding of both analytes to be monitored simultaneously in one 

potential scan by square wave voltammetry (SWV) which enabled sensitive scanning 

in the potential range of both redox probes (Lovrić, 2010). 

 

 

Figure 3.2. Signals of the indirect measurement of the simultaneous detection of 

creatinine and albumin mixtures in the range of 0–2500 ng mL−1 in 0.050 mol L-1 PBS 

(pH 7.40) using the dual MIP electrochemical biosensor. Square wave voltammetry 

(SWV) was performed with potential range of -0.80 V to +0.40 V, a modulation 

amplitude of 0.10 V, and a 1.0 Hz pulse frequency (Paper II). 

 

To increase the electrochemical response, some nanomaterials are 

commonly integrated with the MIP. Carbon materials such as multiwalled carbon 

nanotubes (MWCNTs), single walled carbon nanotubes (SWCNTs), and graphene are 

widely used. Among them, MWCNTs have been an ideal platform for MIP due to their 

high strength, stability, good conductivity, and large surface areas (Dai et al., 2015). 
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The increasing surface area of the modified electrode provides a larger platform for the 

MIP layer. Moreover, their good conductivity can increase the electron transfer between 

the imprinted cavities and the electrode surface (Yang et al., 2018) that further help 

achieve a low limit of detection. By functionalizing the MWCNTs with carboxylated 

acid, their dispersibility is improved, contributing an evenly distributed MWCNTs on 

the measuring surface (Huang et al., 2019; Ni et al., 2020) (Papers I-II). Figure 3.3 

shows an example of insulin detection with different amounts of f-MWCNTs where the 

sensitivity increased with the amount of f-MWCNTs to 2.00 mg mL-1. The decrease at 

2.50 mg mL-1 (Paper I) was likely due to the incomplete removal of the larger amount 

of insulin template.  

 

 

Figure 3.3. The sensitivity (slope of the calibration plot of 0.050-0.40 pM of insulin in 

1.0 phosphate buffer at pH 5.30 and a flow rate of 100 μL min-1) with different loadings 

of f-MWCNTs (Supplementary data Paper I). 

 

4. Detection system 

MIP based electrochemical biosensors have been applied under both 

flow and batch systems. A flow system consists of a pump, an injection valve, tubing, 

and a flow cell. The target analyte is injected through an injection valve and passed 

through by carrier solution to the electrode surface in the flow cell (Kurbanoglu et al., 
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2018). A continuous flow stream is beneficial for the MIP electrochemical biosensor 

since the rebinding, washing, detecting and regenerating of the imprinted cavities, can 

be carried out continuously (Figure 4.1). The flow stream also improves the access of 

analyte to/out of the imprinted cavities as well as removes the non-specific binding by 

the surface washing aspect of the flow (Erdőssy et al., 2016) (Paper I).  

 

 

Figure 4.1. Schematic of insulin detection in a flow system includes insulin rebinding, 

electrochemical detection, and regeneration. First step, insulin was flowed to pass 

through the working electrode for the rebinding and stop the flow for 2 mins to stabilize 

the rebinding, then resume the flow of the buffer for removing matrix compound. Then, 

flow was stopped to perform the electrochemical detection (second step). Regeneration 

was performed by flowing the regeneration solution to the electrode surface and 

stopped for 15 mins to remove the insulin from the imprinted cavity (third step). 

(Reprinted from Wardani et al., 2023 copyright with permission from Talanta) (Paper 

I). 

 

An alternative strategy is a batch system that was employed for the MIP 

electrochemical detection of Sub-project II. In this system there is no need of 

additional components commonly required by flow system such as tubes, pumping 

system and injection valves (Quintino & Angnes, 2004). With the analyte solution, a 
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mixture of albumin and creatinine in a small beaker, the MIP was immersed, and the 

rebinding of analyte occurred. Followed by the washing step under the stirring 

condition in supporting electrolyte (phosphate buffer solution). The electrochemical 

detection step was performed without stirring. This system could also prevent the 

gradual loss of modified layers, especially the redox probes achieving the high stability 

of the MIP electrochemical biosensor (Paper II).  

 

5. Analytical performances 

5.1 Linearity  

Linearity of an analytical method is defined as the ability to obtain 

results proportional to the concentration of analyte in the sample (Taverniers et al., 

2004). It can be obtained by performing the calibration curve which can be obtained 

through measuring a series of analyte concentrations, with replications, before plotting 

the response, e.g., current (Paper I) or current change (Paper II), versus the analyte 

concentration (Thompson et al., 2002). The linearity was determined from the 

correlation coefficient, r which is normally in the range of -1≤ r ≤ +1. In analytical 

practice, the acceptable linear range can be obtained with the r-value of 0.90-0.99 

(Miller & Miller, 2010).  

 

5.2 Limit of detection (LOD) and limit of quantification (LOQ) 

The limit of detection (LOD) is the lowest concentration or the quantity 

that can be detection derived as the smallest signal over the noise level. The value of 

LOD will determine the ability of the sensor to differentiate the true signal from the 

noise level but is not necessarily quantified (Justino et al., 2010; Shrivastava & Gupta, 

2011). For the limit of quantification (LOQ), the lowest concentration of an analyte 

should be determined with an acceptable level of repeatability precision and trueness. 

This work determined the LOD and LOQ values based on the slope of the linear 

regression. The LOD can be expressed as:  

LOD =
3𝑆𝑎

b
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The LOQ can be expressed as:  

LOQ =
10𝑆𝑎

b
 

Where 𝑆𝑎 is the standard deviation and b is the slope of regression in the linear range 

(Shrivastava & Gupta, 2011). 

 

5.3 Binding isotherm 

The affinity of the analyte to the MIP can be evaluated by the binding 

dissociation constant (KD). This KD value was obtained using the Langmuir adsorption 

isotherm model (Ansell, 2015) based on the equation:  

 

IF=
Imax[F]

KD+[F]
     

where IF is the current response due to the binding, [F] is the analyte concentration, 

Imax is the maximum current response at saturated binding, and KD is the dissociation 

constant. A low  KD value indicates high binding affinity between the MIP and the 

analyte. Meanwhile, the less efficient interaction of analyte to the MIP was indicated 

by the high KD value  (Ansell, 2015) (Paper I; Paper II). 

 

5.4 Selectivity 

Selectivity is the ability to determine the target analyte in a sample 

matrix without interference from other components in the sample (Vassman et al. 

2001). This test was performed by measuring the interfering substances individually 

and binary mixed with the target analyte at the mid-range of its expected value 

(Thevenot et al. 2001). Common interferences in real sample of human serum and urine 

such as glucose, ascorbic acid, uric acid, and dopamine could be tested (Paper I; Paper 

II). The current response of the interfering substances individually and binary mixed 

were compared to the current response of the target analyte. Selectivity towards target 
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analyte are indicated by the current change of the interfering substances less than 5% 

and two-way ANOVA for binary mixed (Akhoundian et al. 2018) (Paper I; Paper II).  

 

5.5 Reproducibility  

Reproducibility of the electrode preparation represents the closeness of 

the agreement between the results of several measurement using the same condition of 

preparation and operation. In this work, several electrodes were prepared at different 

times and used to measures a series of the target analyte. The standard deviations (SD) 

of the responses of the concentrations tested using different electrodes were used to 

indicate the acceptability of the modified electrode preparation (Taverniers et al., 2004) 

(Paper I; Paper II).  

 

5.6 Reusability and long-term stability 

Reusability of the MIP electrochemical biosensor is defined as the 

recovery of recognition property after binding and regeneration cycle. In sub-project 

I, the reusability was assessed as the operational stability by performing the binding 

and regenerating cycles continuously with the response after every detection monitored. 

For the Sub-project II, the reusability was examined by repeatedly measuring a series 

of the target analyte concentrations and its subsequent cycles after the MIP 

regeneration. The reusability was considered from the number of analyses (Paper I) 

and analysis cycles (Paper II) that can be repetitively performed until a percentage of 

residual activity decreased to below 90% (Thévenot et al., 2001). 

In the case of long-term stability, the response of the sensor after a 

certain period of storage was monitored. Several modified electrodes were prepared at 

the same time and kept at room temperature. Each electrode represented the storage for 

a certain week. The sensitivities of the modified electrode for different span of storage 

time were compared to that of the freshly prepared decreased to below 90% (Thévenot 

et al., 2001) (Papers I-II). 
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5.7 Real sample analysis 

The MIP electrochemical biosensors were applied to determine the 

target analytes in the real samples, i.e., human serum (Paper I) and urine (Paper II). 

The possible matrix effect was firstly investigated by adding different concentration of 

analyte to the sample. The slope of the calibration curve of the spiked sample is 

compared with that of the standard analyte. The absence of matrix effect can be 

observed by the lack significance of both slopes (curve are parallel) (Taverniers et al., 

2004). The reliability of the MIP electrochemical biosensor was then determined by 

statistically comparing the results of the sensor to those of a standard method used in 

the hospital. 

 

5.8 Recovery 

The recovery aims to estimate the true concentration of the target analyte 

in the real sample confirming the accuracy of the developed MIP electrochemical 

biosensor. It was calculated as the percentage of the measured of standard analyte and 

spiked sample solutions, which is depending on the analyte concentration.                      

The % recovery value should be compared to acceptable recovery recommendation 

(Taverniers et al., 2004). In this work, the recover was calculated as 

% recovery = (
𝐶1−𝐶2

𝐶3
)×100 

Where, 𝐶1 and 𝐶2 are the measured concentration of spiked sample and spiked blank, 

respectively. 𝐶3 is the known concentration of the standard target analyte (Miller & 

Miller, 2010). 

 

6. Concluding remarks 

The applications of the molecularly imprinted polymers (MIPs) as 

biomimetic recognition elements of the electrochemical biosensors were demonstrated 

in this work. In Sub-project I, the MIP cryogel was successfully recognizing the insulin 

with high selectivity over a wide range of interferences. The combination of 

carboxylated multiwalled carbon nanotubes (f-MWCNTs), cryogel, and flow system 
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had further improved the selectivity and sensitivity of the MIP electrochemical 

biosensor. Thus, a low limit of detection, very good recoveries, high operational and 

storage stability were achieved, showing a potential of the developed system for the 

quantification of insulin in human serum from type 1 and type 2 diabetic patients. In 

Sub-project II, the use of MIP for simultaneous determination of creatinine and 

albumin was successfully developed on a dual screen-printed carbon electrodes 

(SPdCEs) with f-MWCNTs as a platform. Each MIP was able to sensitively and 

selectively recognized creatinine and albumin via polymetylene blue (PMB) and 

ferrocene (Fc) as redox probe without interferences between the two analytes and other 

interfering species in human urine. Hence, the albumin to creatinine ratio (ACR) value 

was obtained using this dual MIP sensor with very good recovery, showed good 

potential for the monitoring of chronic kidney diseases (CKD) patients. The MIPs from 

both sub-projects exhibited good performances of biomimetic recognition elements 

such as high selectivity and long-term storage stability at room temperature. Their high 

affinity binding to the target analytes enabled both single and simultaneous 

electrochemical biosensor detection. 
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S1. Fourier transform infrared (FT-IR) spectroscopy of carboxylated MWCNTs 

(f-MWCNTs) 

Fig. S1(A) shows the FT-IR spectra of MWCNTs and f-MWCNTs. The MWCNTs 

spectrum displayed O-H stretching band at 3450.9 cm–1 and CH2 stretching vibration 

at 2921.1 and 2851.7 cm–1. The bands at 1638.16 cm−1 and 1636.22 cm−1 were assigned 

to C=C stretching vibrations of the aromatic rings. After functionalization of the 

MWCNTs, bands corresponding to C=O and C–O in the carboxylic group were 

observed at 1709.3 cm−1 and 1204.7 cm−1, respectively (Entezari et al., 2014; Shao et 

al., 2022). This confirmed the presence of carboxylic groups on the surface of f-

MWCNTs. Furthermore, the f-MWCNTs dispersed more completely (Fig. S1B), which 

is advantageous for further modification by improving drop-casting uniformity and 

stability on the gold electrode (AuE) surface. 

 
Supplementary data Fig. S1 (A) FT-IR spectra and (B) photo images of (1) MWCNTs 

and (2) f-MWCNTs in DI water. 

 

 



43 
 
 

S2. Electrochemical characterization of modified electrode 

The bare AuE, f-MWCNTs/AuE, MIP cryogel/f-MWCNTs/AuE before template 

removal, MIP cryogel/f-MWCNTs/AuE after template removal and MIP cryogel/f-

MWCNTs/AuE after rebinding were characterized electrochemically by cyclic 

voltammetry and electrochemical impedance spectroscopy using a redox probe of 5.0 

mM [Fe(CN)6]
4−/3−. The effect of each step of modification can be seen in the change 

of redox peaks in Fig. S2A. EIS produced similar results (Fig. S2B), Changes in charge 

transfer resistance (Rct) after each step of modification were displayed in Nyquist plots. 
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Supplementary data Fig. S2 Electrochemical characterization of the modified 

electrode: (A) Cyclic voltammograms and (B) Nyquist plots of electrochemical 

impedance responses in 5.0 mM [Fe(CN)6]
4−/3−. Inset: Randles equivalent circuit 

composed of the solution resistance (Rs), charge transfer resistance (Rct), constant phase 

element (CPE) and the Warburg impedance (W). Rebinding condition: 1.0 µM insulin 

in phosphate buffer at pH 5.30.   

 

S3. Insulin oxidation  

The oxidation of tyrosine involves its hydroxyl group and results in the release of a 

proton, as shown in Fig. S3A. Fig. S3 shows the CV (B) and SWV (C) of insulin 

oxidation at the MIP cryogel/f-MWCNTs/AuE.  The oxidation peak was observed at 

0.76 V, and was produced by the oxidation of tyrosine residues in the insulin molecule 

(Sisolakova et al., 2019; Zhang et al., 2005). The reversibility of insulin binding to the 

MIP cryogel/f-MWCNTs/AuE was investigated by performing a series of binding-

regeneration cycles. In Fig. S3D, the stable oxidation current of insulin after binding 

and regeneration cycles shows the good reversibility of insulin binding to the electrode. 
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Supplementary data Fig. S3 (A) The oxidation of tyrosine (Sisolakova et al., 2019), 

(B) CV and (C) SWV of the MIP cryogel/f-MWCNTs/AuE before template removal, 

after template removal, and after rebinding of 1.0 µM insulin in phosphate buffer at pH 

5.30, using a flow rate of 100 μL min-1. (D) Insulin was detected at concentrations of 

0.20 pM, 0.30 pM, and 0.40 pM in phosphate buffer solution at pH 5.30 in a flow rate 

of 100 μL  min-1. After each detection, the electrode was regenerated and insulin was 

detected again. The chart shows the current responses of insulin. Inset: A typical SWV 

curve of current response during insulin detection and after regeneration. 

A 
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S4. Optimization of template removal 

Fig. S4 The template was removed from the MIP cryogel/f-MWCNTs/AuE using 

different solvents for 4 h. During template removal, the oxidation current of insulin was 

measured by SWV (A) and the structure of MIP cryogel was observed by SEM before 

and after template removal. 

 

Supplementary data Fig. S4 (A) The chart shows oxidation currents of insulin in 1.0 

mM phosphate buffer solution at pH 5.30, at a flow rate of 100 µL min-1. after 4-hour 

template removal. The inset shows the oxidation current of insulin after template 

removal for 2 h using a mixture of acetic acid and ethanol (9:1 (v/v)). SEM images 

show the MIP cryogel/f-MWCNTs/AuE (B) before template removal and (C) after 

template removal. 
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S5. Optimization of amount of f-MWCNTs 

The effects of f-MWCNTs loading were seen in the CVs of insulin oxidation (Fig. S5A) 

and redox current of Fe(CN)6
3−/4− probe (B). The amount of f-MWCNTs increased the 

effective surface area (Table S1) for deposition of MIP cryogel, which was calculated 

by using the Randles-Sevcik equation (Eq.1) (Bard & Faulkner, 2000) with data from 

Fig. S5B. 

Ip,a = (2.687×105)n3/2A·C (D· ν) 1/2     (1) 

where Ip,a  is the peak current (µA), n is the number of electrons transferred, A is the 

area (cm2),                          C is the concentration of Fe(CN)6
3−/4−  solution (mol cm-3), 

D is the diffusion coefficient (7.6 × 10-6 cm2 s-1) (Krejci et al., 2014) and  v is the scan 

rate (V s-1) 

Increasing the platform surface area enabled more MIP cryogel to be deposited (Fig. 

S5C), which increased sensitivity (Fig. S5D) toward insulin. Too long a time was 

needed to remove template completely at 2.50 mg mL-1 f-MWCNTs (Fig. S5E). Hence, 

a loading of2.00 mg mL-1 was considered optimal.  

Table S1. The effective surface area of the electrode with different amounts of f-

MWCNTs 

Amount of f-MWCNTs A (cm2) 

0.00 mg mL-1 0.242 

1.00 mg mL-1 0.282 

1.50 mg mL-1 0.298 

2.00 mg mL-1 0.315 

2.50 mg mL-1 0.327 
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Supplementary data Fig. S5 (A) CVs of 1.0 µM insulin were produced using the MIP 

cryogel/f-MWCNTs/AuE and MIP cryogel/AuE in 1.0 mM phosphate buffer at pH 5.30 

at a flow rate of 100 μL min-1. (B) CVs of 10 mM Fe(CN)6
3-/4- were produced at a scan 

rate 0.10 V s-1 on the f-MWCNTs/AuE with different amounts of f-MWCNTs. (C) EIS 

responses in 5.0 mM [Fe(CN)6]
4−/3−  were produced at the MIP cryogel/f-
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MWCNTs/AuE with different f-MWCNTs loadings before insulin template removal. 

Inset: Randles equivalent circuit composed of the solution resistance (Rs), charge 

transfer resistance (Rct), constant phase element (CPE) and the Warburg impedance 

(W).  (D) The effect of different loadings of f-MWCNTs on the sensitivity of insulin 

detection (0.050-0.40 pM) in 1.0 phosphate buffer at pH 5.30 and a flow rate of 100 μL 

min-1. (E) EIS responses were produced at the MIP cryogel/f-MWCNTs/AuE loaded 

with 2.50 mg mL-1 f-MWCNTs in 5.0 mM [Fe(CN)6]
4−/3−  solution after insulin template 

removal. The inset shows the EIS response of 2.00 mg mL-1 f-MWCNTs after template 

removal. 

 

S6. Optimization of type of regeneration solution, pH, and flow rate 

Oxidation current of insulin after regeneration using different solutions was shown in 

Fig. S6A. Also, the highest sensitivity can be obtained with optimum pH (Fig. S6B) 

and flow rate (Fig. S6C). 
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Fig. S6 (A) The chart shows the effects of different regeneration solutions on the 

removal of 0.50 pM insulin from the recognition sites of the molecularly imprinted 

polymer (inset: SWV of insulin after regeneration with 10% SDS in 20% acrylic acid). 

Chart (B) shows the effect of buffer pH on electrode sensitivity toward insulin (0.050-

0.40 pM) and chart (C) shows the effect on sensitivity of flow rate with analysis time 

in 1.0 mM phosphate buffer. 
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S7. Binding Isotherm 

The dissociation constant (KD) of insulin binding to the modified electrode was 

obtained by plotting the current response (IF) and concentration of insulin [F] (Fig. 

S7A) and fitting with the Langmuir isotherm using GraphPad Prism 8 (Fig. S7B). 

 

Fig. S7 (A) The linearized Langmuir plotting between 1/IF and 1/[F] of insulin on the 

NIP cryogel/f-MWCNTs/AuE and MIP cryogel/f-MWCNTs/AuE. (B) Plots of current 

response change versus concentration of insulin at the MIP and NIP sensors were fitted 

with the Langmuir isotherm using GraphPad Prism 8. 

https://www.sciencedirect.com/topics/engineering/langmuir-isotherm
https://www.sciencedirect.com/topics/chemistry/prismatic-crystal
https://www.sciencedirect.com/topics/engineering/langmuir-isotherm
https://www.sciencedirect.com/topics/chemistry/prismatic-crystal
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S8. Reproducibility and stability of the MIP modified electrode 

The reproducibility and stability of the modified electrode were evaluated using the 

oxidation current and sensitivity of insulin detection.  

 

 Supplementary data Fig. S8 The chart (A) shows current responses obtained from six 

modified electrodes (inset: sensitivity of the modified electrode for insulin detection 

(0.050-0.40 pM). Chart (B) shows the operational stability of the MIP cryogel/f-

MWCNTs/AuE toward repeated detection of 0.80 pM insulin. Chart (C) shows the 

relative sensitivity of different electrodes after various storage times. Chart (D) shows 

the long-term stability of the proposed electrode after repeated weekly use for four 

weeks. Between measurements, the electrode was stored in dry conditions at room 

temperature.  
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S9. Real samples 

Table. S2 The results of a spike and recovery test using human blood serum samples  

40-times dilution factor 

Spiked 

concentration 

(pM) 

Sample 1 Sample 2 

Measured 

concentration 

(pM) 

%recovery 

Measured 

concentration 

(pM) 

%recovery 

0.0 17±2 - 14.2±0.3 - 

2.0 18.8±0.2 90±10 16.1±0.2 95±11 

4.0 20.9±0.1 98±3 17.8±0.3 90±8 

8.0 25.6±0.4 108±5 21.4±0.5 90±6 

12.0 29.5±0.7 104±6 27.48±0.01 111±3 

16.0 33.9±0.4 106±2 29.99 ±0.02 99±5 

250-times dilution factor 

Spiked 

concentration 

(pM) 

Sample 3 Sample 4 

Measured 

concentration 

(pM) 

%recovery 

Measured 

concentration 

(pM) 

%recovery 

0.0 51±4 - 120 ±10 - 

12.5 63±1 96±10 132 ±1 96±4 

25.0 77±3 104±3 143 ±2 92±8 

50.0 100±2 98±3 169 ±3 98±5 

75.0 127±1 101±2 194 ±5 99±7 

100.0 153±1 102±1 219 ±4 99±4 
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S1. Surface morphology characterization 

The surface morphologies of the modified electrode were observed by scanning 

electron microscopy. 

 

 

Fig. S1.  SEM images A to D show the stepwise modification of an MIP/ PMB/ f-

MWCNTs/ SPCE for sensing creatinine:  ( A)  f- MWCNTs/ SPCE, ( B)  PMB/ f-

MWCNTs/ SPCE, ( C)  MIP/ PMB/ f- MWCNTs/ SPCE before template removal, and 

( D) after template removal; ( E)  NIP/ PMB/ f- MWCNTs/ SPCE before removal and ( F) 

after removal; ( G)   MIP/ PMB/ f- MWCNTs/ SPCE after rebinding of 0. 1 mg mL- 1 

creatinine and ( H)  NIP/ PMB/ f- MWCNTs/ SPCE after rebinding of 0. 1 mg mL- 1 

creatinine.  SEM images I to L show the stepwise modification of an MIP/ Fc/ f-

MWCNTs/SPCE for sensing albumin: (I) f-MWCNTs/SPCE, (J) Fc/f-MWCNTs/SPCE, 

(K) MIP/Fc/f-MWCNTs/SPCE before template removal and (L) after template removal; 

(M) NIP/Fc/f-MWCNTs/SPCE before template removal, and (N) after template removal; 

(O)  MIP/Fc/f-MWCNTs/SPCE after rebinding of 0.1 mg mL-1 albumin and (P) NIP/Fc/f-

MWCNTs/SPCE after rebinding of 0.1 mg mL-1 albumin.  
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S2. Fourier transform infrared (FT-IR) spectroscopy of MIP and NIP modified 

electrodes 
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Fig.S2. The FT-IR characterization of MIP and NIP before removal, after removal, and 

rebinding. FT-IR spectra (A) creatinine MIP, (B) albumin MIP, (C) creatinine, and (D) 

albumin NIP. 
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The characteristic peaks of o-PD were displayed by the stretching vibration of C=C at 

1509-1512 cm-1, C=N at ~1642-1644 cm-1, at ~621-687 cm-1 for the C-H bending 

vibration on the benzene ring [1, 2]. Before template removal, the stretching vibration 

at ~915-957 cm-1 of N-H, a broad absorption at 3042 cm-1 representing O-H bands  

corresponding to the creatinine template [3, 4] (Fig. S2A) and the vibration bands of 

albumin template at 3300 cm-1 related to protein amide band [5, 6] (Fig. S2B) were 

observed. Following the template removal, the characteristic peak of creatinine and 

albumin disappeared, demonstrating that the templates were removed. After the 

rebinding, the vibration bands of creatinine and albumin reappeared, due to the 

reoccupation of the cavities by both analytes. The creatinine (Fig. S2C) and albumin 

NIPs (Fig. S2D) exhibited only the same vibration bands corresponding to the 

functional monomer on every steps. These results confirm the formation of imprinted 

sites in the creatinine MIP and albumin MIP. 
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S3. Cyclic voltammetric responses of the modified electrodes 

The preparation steps of the creatinine and albumin MIP sensors were monitored by 

observing the electrochemical behavior of PMB and Fc on the creatinine and albumin 

electrodes, respectively. They were studied separately in 0. 050 mol L-1 PBS ( pH 7. 40) . 

The f- MWCNTs/ SPCE provided a larger background current because f- MWCNTs 

enlarged the surface area and increased the conductivity of the electrode surface. The 

polymerization of the non-conductive PoPD on the electrodes reduced the redox peaks of 

PMB and Fc by blocking electron transfer.  Template removal exposed the recognition 

cavities, increasing the current response, which decreased after the rebinding of the target 

analytes. 

 

 

Fig.  S3.  CVs were produced in 0. 050 mol L-1 PBS ( pH 7. 40)  at various electrodes 

tested during modification. (A) shows CVs of electrodes modified to detect creatinine 

and (B)shows CVs of electrodes modified to detect albumin . Rebinding condition: 500 

ng mL-1 creatinine and 50 ng mL-1 albumin in PBS (pH7.40). 
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S4. EIS response of the modified electrode 

Each modification step of the creatinine and albumin electrodes was monitored by 

fitting the data to a Randles equivalent circuit. The semicircles in the Nyquist plots were 

used to calculate the electron transfer resistance (Rct)of the electrode at each step of 

modification. The impedance of the circuit indicates the resistance of the electrode 

surface against electron transfer to and from the redox probe [1]. 

 

Fig. S3. EIS spectra were produced in 5.0 mM Fe(CN)6
3−/4− solution. The spectra show the 

resistance of various electrodes during modification. ( A)  shows EIS spectra of electrodes 

modified to detect creatinine, and ( B)  shows EIS spectra of electrodes modified to detect 

albumin. Inset: Randles equivalent circuit composed of the solution resistance (Rs), charge 

transfer resistance (Rct), constant phase element (CPE) and the Warburg impedance (Zw). 

Rebinding condition: 500 ng mL-1 creatinine and 50 ng mL-1 albumin in PBS (pH7.40). 
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S5. Electrode configuration 

 

 

 

Fig. S5. (A) Schematic of the screen-printed carbon electrode (SPCE), showing the dual 

working electrodes (WE1 and WE2). (B) CVs were produced in 0.050 mol L-1 PBS (pH 

7.40) at the f-MWCNTs/SPdCE when only WE1 or WE2 was connected, and when WE1 

and WE2 were connected together. 
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S6. Optimization of the amount of f-MWCNTs 

Larger loadings of f-MWCNTs increased the effective surface area (Fig.  S6B) for the 

deposition of redox probes ( Fc and PMB)  and the MIP layer. The area was calculated 

using the Randle-Sevcik equation (Eq.1) [2] from the data of Fig. S6A. 

Ip,a = (2.69×105)n3/2ACD1/2 ν1/2     (1) 

where Ip,a  is the peak current (A), n is the number of electrons transferred (1), A is the 

electrode area (cm2), C is the concentration of Fe(CN)6
3−/4− solution (0.10 mol cm-3), D 

is the diffusion coefficient (7.6 × 10-6 cm2 s-1) [3] and v is the scan rate (0.050 V s-1). 

 

 

Fig. S6. (A) The CVs were produced by 10 mM Fe(CN)6
3-/4- at the f-MWCNTs/SPCE 

at a scan rate of 0.050 V s-1. (B) The effective surface area was calculated for electrodes 

fabricated with different amounts of f- MWCNTs. ( C)  sensitivity of electrodes 

fabricated with different amounts of f- MWCNTs was calculated toward mixtures of 

5.0–100 ng mL-1 creatinine and albumin in 0.050 mol L-1 PBS (pH 7.40). 
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S7. Optimization of MIP layer thickness and template removal time 

The cyclic voltammetric response observed during five scans of electropolymeization is 

shown in Fig. S7A. The charges used in each scan were added to estimate the MIP layer 

thickness. The number of electropolymerization scans that produced the optimal MIP 

layer thickness was determined based on the obtained sensitivity (Fig. S7B). To optimize 

template removal time, the dual MIP sensor was immersed in 0.10 mol L-1 oxalic acid for 

15, 30, 60, 90, and 120 min. A stable current response indicated the removal of the 

template.  The current responses increased with time and were stable from 60 min on 

(Fig. S7C). 

 

 

Fig. S7. (A) The CVs were produced by five scans of electropolymerization of 5.0 mmol 

L-1 o-PD in 0. 20 mol L-1 acetate buffer at pH 5. 20 at a scan rate of 50 mV s−1. ( B)  The 

chart shows the effect of the number of electropolymerization scans on the sensitivity of 

creatinine and albumin (mixture 5.0-100 ng mL-1)  determination in 0.050 mol L-1 PBS 

(pH 7.40). (C) The chart shows the current response of the dual MIP sensor at different 

template removal times. 
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S8. Binding Isotherm 

The dissociation constant ( KD)  of creatinine and albumin binding to each modified 

electrode was obtained by plotting the current response and concentration of both 

analytes and fitting the data with the Langmuir isotherm using GraphPad Prism 8. 

 

Fig. S8. The linearized Langmuir plots of 1/IF vs. 1/[F] show of (A) creatinine and (B) 

albumin at the MIP and NIP sensors.  Plots of the change in current response vs. 

concentration of (C) creatinine and (D) albumin at the MIP and NIP sensors were fitted 

with the Langmuir isotherm using GraphPad Prism 8. 

 

 

 

 

 

 

 

https://www.sciencedirect.com/topics/engineering/langmuir-isotherm
https://www.sciencedirect.com/topics/chemistry/prismatic-crystal
https://www.sciencedirect.com/topics/engineering/langmuir-isotherm
https://www.sciencedirect.com/topics/chemistry/prismatic-crystal
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S9. Reproducibility 

The reproducibility of the preparation of the dual MIP sensor was observed from the 

current response of six electrodes.  

 

Fig. S9. The charts show the reproducibility of different electrode preparations of (A) 

the creatinine MIP sensor and ( B)  the albumin MIP sensor at different mixture 

concentrations of creatinine and albumin ( 5.0–100 ng mL-1)  in 0. 050 mol L-1 PBS at 

pH 7.40.  
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S10. Reusability 

The reusability (Fig. S10) of the dual sensor was evaluated by comparing the sensitivity 

obtained from each cycle to the sensitivity obtained during the first cycle. 

 

Fig.  S10.  (A) The sensitivities were obtained from repeatedly measuring mixtures of 

creatinine (500, 750, 1000, and 1500 ng mL-1) and albumin (5.0, 10, 25, and 50 ng mL-

1) in 0. 050 mol L-1 PBS at pH 7. 40. The CVs are of ( B)  PMB and ( C)  Fc after eight 

cycle of creatinine and albumin measurement in 0.050 mol L-1 PBS pH 7.40 
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S11. Long-term stability 

The long- term stability of the proposed sensor was evaluated by comparing sensitivity 

obtained from successive cycles of measurement and regeneration to the sensitivity 

obtained from the first cycle. 

 

Fig. S11. (A) The chart shows the stability of the dual MIP sensor over 63 days. CVs 

show the reduced response with time of (B) PMB and (C) Fc of the dual MIP sensor in 

0.050 mol L-1 PBS pH 7.40. 
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S12. Selectivity 

Responses of the dual NIP sensor toward creatinine, albumin, and various possible 

interferences are shown in Fig.S12. 

 

Fig.S12. Responses of the dual NIP sensor in the presence of creatinine, albumin, and 

various possible interferences. 
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S13. Recovery study 

The recoveries of creatinine and albumin in Table S1 were obtained from spiked 

samples obtained from Songklanagarind Hospital, Hat Yai, Thailand. 

 

Table S1. Average recoveries and the relative standard deviations of urinary creatinine 

and albumin in hospital urine samples (n = 3). 

Creatinine HSA 

Spike 

concentration 

(mg mL-1) 

Measured 

concentration 

(mg mL-1) 

Recovery 

(%) 

Spike 

concentration  

(mg mL-1) 

Measured 

concentration  

(mg mL-1) 

Recovery 

(%) 

Sample 1 Sample 1 

0.0 0.305±0.015 - 0.0 0.078±0.001 - 

0.015 0.320±0.001 98±4 0.015 0.109±0.001 101±7 

0.030 0.335±0.001 99±4 0.030 0.109±0.001 103±4 

0.075 0.380±0.003 100±4 0.075 0.151±0.003 97±4 

0.150 0.458±0.005 101±4 0.150 0.229±0.003 100±3 

Sample 2 Sample 2 

0.0 0.102±0.004 - 0.0 0.049±0.002 - 

0.015 0.117±0.001 102±3 0.015 0.064±0.001 98±6 

0.030 0.131±0.002 96±7 0.030 0.080±0.003 99±6 

0.075 0.178±0.003 101±4 0.075 0.128±0.003 105±2 

0.150 0.254±0.003 101±2 0.150 0.198±0.008 99±6 

Sample 3 Sample 3 

0.0 1.917±0.158 - 0.0 0.040±0.004 - 

1.50 3.353±0.143 95±10 0.015 0.056±0.001 99±4 

2.25 4.051±0.090 95±4 0.030 0.071±0.001 102±3 

3.00 4.939±0.090 101±3 0.075 0.116±0.006 101±7 

4.50 6.498±0.112 102±3 0.150 0.185±0.007 97±5 

Sample 4 

0.0 1.560±0.134 - 0.0 0.011±0.001 - 

1.50 2.948±0.025 93±2 0.015 0.026±0.001 98±4 

2.25 3.727±0.099 96±4 0.030 0.039±0.001 96±4 

3.00 4.535±0.034 99±1 0.075 0.086±0.003 99±5 

4.50 6.028±0.148 100±3 0.150 0.162±0.008 100±5 
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