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ABSTRACT 

 

Molecularly imprinted polymers (MIPs) have become one of the most promising 

materials for achieving superior performance in detecting numerous biological molecules, 

chemical compounds, and water pollutants. Integrated with a paper substrate, MIPs can be 

fabricated into a paper-based sensor that is low-cost, flexible, and easy to be processed and 

modified. In this study, we have demonstrated the detection of two typical perfluorinated 

compounds (PFCs), perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS), 

with the molecularly imprinted polyaniline (MIP-PANI) paper sensor platform. The detection 

limits of PFOA (20.55 ppt) and PFOS (7.12 ppt) with linear ranges of 1–200 ppt have been 

estimated. In addition, the surface of the MIP structure upon exposure to PFCs was characterized 

to propose the detection mechanism and visualize the molecular imprinting process.  

We also demonstrated the integration of MIP-PANI with ultra-high frequency (UHF) 

wireless communication function for detecting multiple volatile organic compounds such as 

ammonia and ethanol. Wireless responses of the reduced reflection coefficient as a function of 

frequency are summarized, and the potential characteristic peaks and regions with trends in gas 

concentrations were identified. The calibration curves using a linear regression model were 

calculated to estimate the limit of detection of ammonia gas, which is 122 ppb.   

To further expand the applications of the MIP-PANI platform, lentiviruses were 

imprinted in the polymer electrode. The calibration curve showed a considerably better signal 

response upon exposure to virus samples compared with the non-molecularly imprinted control, 

suggesting its potential in biomedical sensing. 
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This paper-based sensor incorporated with molecularly imprinted polymer electrodes 

adapts to various chemical as well as biological compounds with excellent sensitivity and 

selectivity at a low-cost compared with conventional assays, providing the potential in 

environmental monitoring and biomedical applications. 
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CHAPTER I  

INTRODUCTION  

 

Intermolecular interactions such as ionic bonding, hydrogen bonding, van der Walls 

forces, and hydrophobic effects dominate the natural molecular recognition. For receptors to 

identify their corresponding targets, a complementary structure must be generated by applicable 

intermolecular forces or stereochemical affinity between the target and host matrix. Enzymes are 

typical examples having extraordinarily sophisticated structures based on chemical ligands and 

stereo compatibility to their target proteins. Although natural receptors and antibodies are 

entitled to precisely recognize corresponding antigens, they are vulnerable to critical chemical or 

physical environments. Therefore, synthetic antibodies have been of interest in sensing 

applications. Synthetic polymers become the strong candidate for making artificial receptors 

because of their low-cost, durability, and processibility of various structures. To reproduce the 

receptor-like structures of natural antibodies and their capability of recognizing specific analytes 

on synthetic polymers, molecular imprinting has been one of the most inspiring approaches for 

developing state-of-the-art chemical or biosensors. 

The concept of molecular imprinting as a promising approach to fabricate synthetic 

antibodies was firstly introduced by Linus Pauling in 1940 [1]. In the general principle of 

molecular imprinting, monomers are polymerized in the presence of target analytes to fabricate 

artificial antibodies. The target analytes acting as templates interact with monomers by certain 

intermolecular interactions and create an intermediate complex, followed by being polymerized 

into a template-embedded polymer matrix. The templates are then either chemically or 

physically removed from the polymer matrix by an appropriate approach, leaving cavities with 
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structures complementary to the templates. In other words, the polymer matrix is imprinted by 

the templates in the polymerization step, and the resulted polymer is called a molecularly 

imprinted polymer (MIP) carrying numerous binding cavities that are counterparts specific to the 

templates. MIPs are hence capable of recognizing their designated target molecules, and such the 

procedure is analogous to how natural enzymatic receptors work. The schematic diagram of 

MIPs is shown in Figure 1 illustrating the co-polymerization of monomers and templates in the 

reaction batch and the recognition of the analytes in the sensing stage. The recognition and 

desorption of analytes in MIPs react as equilibrium, resulting in a signal variation that can be 

analyzed to signal outputs such as colorimetric changes and calibration curves of analyte 

concentrations. Moreover, the association and dissociation of templates on the matrix are usually 

reversible and equilibrium, making the removal of templates from MIPs be the most critical step 

among molecular imprinting processes. Characterization of the residual templates can be 

performed to justify the effectiveness of template removal. 

 

 

 

Figure 1 The schematic diagram of the fabrication and the operating principle of MIP 

sensors. 
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Several reviews have comprehensively discussed MIPs including principles as well as 

applications [2, 3]. The types of interactions between templates and monomers can be covalent 

bonding, non-covalent bonding, metallic ligands, Van der Waals force, electrostatic attraction, or 

any hybrids of them, depending on the acting functional groups on templates as well as 

monomers [4]. The schematic diagram of these sample intermolecular interactions between the 

template and matrix in MIPs is shown in Figure 2. Because of the excellent bonding strength of 

covalent bonds, the bonding efficiency and homogeneity in the imprinting step should be better 

than those with non-covalent binding [5]. However, cleaving agents are needed for removing 

covalently imprinted templates from the matrix [6]. On the contrary, non-covalent imprinting 

provides a more flexible way of selecting templates as well as the polymer matrix depending on 

the reactivity and processibility. Templates with non-covalent bindings to a polymer matrix can 

be removed by physical methods like sonication and centrifugation. In fact, most of the 

intermolecular interactions of biomolecules in nature rely on non-covalent bindings. Besides, 

hybrid systems that incorporate covalent and non-covalent bindings have been reported [7]. For 

instance, a peptide consisting of three amino acids (Lys-Trp-Asp) is firstly imprinted via 

covalent bonds to the polymer matrix, followed by hydrolysis to cleave covalent bonding and to 

remove the peptide templates. The tripeptide recombined the polymer matrix by hydrogen 

bonding, which is non-covalent.  
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Figure 2 The schematic overview of the sample intermolecular interactions in MIPs: (a) 

reversible covalent recognition (b) non-covalent recognition activated by cleaved covalently 

imprinted functional templates (c) electrostatic attraction (d) Van der Waals force or 

hydrophobic interaction (d) metallic ligation or coordination. Reprinted from [4]. 

 

 

MIPs have been the favorable candidate for fabricating electrochemical sensors, of which 

conductive polymers are desired because the charge carriers conducting through the bonding 

sites and matrix lead the signal variation upon the recognition of target molecules. Polymers such 

as polyethylene or polypropylene are naturally insulated and not suitable for fabricating MIP 

electrodes, in which the electrical signal transduction is prohibited. As a result, many 

electrochemical sensors have applied molecularly imprinted conductive polymers as their 

sensing elements to improve the detecting effectiveness. To fabricate the electrodes, MIPs are 

generally integrated with various substrates such as gold electrodes [8], glassy carbon electrodes 

[9], nanoparticles [10, 11], and paper [12-14]. Several methods for preparing MIP electrodes 

include drop-casting of polymer solution on substrates, bulk polymerization in the presence of 
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templates and substrates, mixing conductive dopants like graphene or carbon nanotubes into 

MIPs on a supporter such as plastic beads, and electrochemical polymerization on the working 

electrode. Particularly, electrochemical polymerization enables the thickness and uniformity of 

MIP films on electrodes to be handily controllable using cyclic voltammetry in a bulk solution of 

monomers and template analytes. 

Conductive polymers integrated by molecular imprinting deliver a novel type of electrode 

for electrochemical sensors with high sensitivity and selectivity to chemical and biological 

compounds. Polyaniline (PANI), one of the typical conductive polymers, gives a promising 

potential of being introduced by a molecular imprinting process because of economic and simple 

synthesis/doping procedures. Also, the excellent environmental durability and capability of 

operating in an aqueous phase make PANI one of the best candidates of molecularly imprinted 

conductive polymers [15]. Abundant research of molecularly imprinted PANI (MIP-PANI) 

sensors has been reported. For example, Luo et al. deposited MIP-PANI on a gold electrode to 

detect ovalbumin, a major egg allergen. This MIP-PANI sensor, using the peak current in cyclic 

voltammetry as the responsive signal, recognized ovalbumin much better than non-molecularly 

imprinted PANI did [16]. In addition, PANI imprinted by paracetamol, usually known as 

Panadol for pain relief, had dramatically improved the detection performance from the responses 

of peak current in cyclic voltammetry. Interestingly, the aniline monomers were synthesized on a 

polymeric micelle of poly(2-acrylamido-2-methyl-1-propane sulfonic acid-co-styrene) acting as 

a nanoreactor [11]. Moreover, for recognizing one of the most famous explosives, 2,4,6-

trinitrobenzene (TNT), PANI modified with graphene was imprinted by picric acid, of which the 

chemical structure is nearly identical to TNT. MIP-PANI showed a significant difference in 

differential pulse voltammograms compared with control. [17]. Apart from PANI, other 
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conductive polymers such as polypyrrole [18, 19], polythiophene [20], and poly(3,4-ethylene 

dioxythiophene (PEDOT) [21] are reported for serving as the matrix materials for molecular 

imprinting electrodes. 

Since the molecular imprinting process is considered one of the biomimetic systems that 

simulate the protein-receptor function in biomolecules, biomolecule-imprinted polymers become 

the state-of-art sensing materials for biomedical detection and diagnostic of precursors of 

diseases. As discussed above, the stability and accessibility of synthetic polymers make them 

suitable for serving as artificial proteins or antibodies with a superior lifetime. Various 

biomolecular templates such as polypeptides [22], proteins [23], or even bacteria [24] or viruses 

[25-28] are being imprinted in polymers via different types of functional groups in recent 

research. Based on the size dependence, among typical MIPs we have discussed, those with 

larger templates like microorganisms and cells can be further categorized by virus-imprinted 

polymers (VIPs) and cell-imprinted polymers (CIPs) as shown in Figure 3 [29].  
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Figure 3 Applicable receptors and biomarkers for being imprinted in a polymer matrix 

and the size-dependent distribution of different types of imprinted polymers. Reprinted 

from [29]. 

 

 

Unlike small compounds with low molecular weights, proteins are much larger in both 

geometric and molecular weight points of view, causing many challenges in molecular 

imprinting. First, a highly crosslinked polymer matrix can obstruct the dispersion of templates as 

well as the removal, making the imprinted cavities inhomogeneous in the matrix. Secondly, 

because proteins are sensitive to multiple physical and chemical conditions that change the 

morphology and structures, the conformation memorized in the imprinted cavities may be 

different from those that should have been specifically recognized. Also, multiple complex 

binding sites on a protein may cause partial and non-specific binding to the polymer matrix. In 

other words, the specific rebinding is not efficient anymore. Additionally, proteins themselves 

have large sizes, and the diffusion in the polymer matrix is therefore restricted. As the 

disadvantage of a dense matrix, protein templates are not only difficult to spread out the entire 

matrix, but also hard to be removed and to create cavities for recognition. Such a problem may 
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be solved by nanoscale and surface imprinting, of which only the surface templates are imprinted 

and then removed. Moreover, proteins are vulnerable to many organic solvents in which MIPs 

are often synthesized. Water-based synthesis is desired which limits the selection of monomers. 

Hydrogen bonding interaction between proteins and polymer matrix is severely interfered with 

by aqueous solutions as well [30]. Despite the challenges above, the number of protein-imprinted 

polymer systems is still increasing. Polyaniline, as discussed above, has been served as the 

model polymer matrix for proteins such as ovalbumin [16] and horseradish peroxidase [31]. For 

more complicated cases, viral [25, 32, 33] and bacterial [24, 34] sensing based on MIPs is also 

feasible. 

In summary, molecular imprinting technology provides a promising method to fabricate 

synthetic antibodies that mimic natural receptors with the capability of recognizing the specific 

target molecule. Such the feature make MIPs have the attractive potential in sensing application. 

Advantages of MIPs include: (1) excellent detection efficacy benefited from the 

complementarity and specificity of the polymer matrix and targets. (2) simple fabrication 

processes and the flexibility of being applied to various types of analytes and polymers (3) better 

stability compared with enzymatic assays which are sensitive and vulnerable to environments (4) 

the low-cost and potential in high throughput production of sensing elements. In this dissertation, 

a low-cost, accurate, and sensitive sensor platform based on MIPs were developed. Different 

types of analytes such as perfluorinated compounds, gases, and viruses of sensing approaches 

like resistometric and wireless sensing were also investigated. 
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CHAPTER II  

PERFLUORINATED COMPOUND DETECTION USING A MOLECULARLY IMPRINTED 

POLYANILINE PAPER SENSOR* 

 

Introduction 

Perfluorinated Compound Sensing 

Perfluorinated compounds (PFCs) are a series of aliphatic chemicals that all or part of the 

hydrogen atoms on the alkyl groups are substituted by fluorine atoms. PFCs have been used in 

industries for manufacturing water and oil foiling products, fire-retardant materials, and 

packaging since the 1950s [35, 36]. After decades of utilization, PFCs are found to be persistent 

and cumulative in environments due to the extremely strong and stable carbon-fluorine bonding. 

For example, the reported average concentration of perfluorooctanoic acid (PFOA) and 

perfluorooctanesulfonic acid (PFOS) in the basin of the Tsurumi River, Japan, was 15.9 ng/L and 

179.9 ng/L, respectively [37]. As a result, PFCs are responsible for the toxicity to metabolism 

[38], reproduction [39], and liver function [40]. Governmental regulations for maximum 

tolerance of PFCs are therefore being conducted and updated. The United States Environmental 

Protection Agency (USEPA) released the advisory maximum concentration of 70 ng/L (70 part-

per-trillion, 70 ppt) for a combination of PFOA and PFOS in drinking water [41]. In addition, 

according to the guidance broadcasted by Interstate Technology and Regulatory Council, 

 

* Part of the data reported in this chapter is reprinted with permission from “Perfluorooctanesulfonic Acid Detection 

Using Molecularly Imprinted Polyaniline on a Paper Substrate” by Ting-Yen Chi, Zheyuan Chen, and Jun Kameoka, 

2020, Sensors, 20, 7301, Copyright 2020 by MDPI. 
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approximately six million people in the United States are consuming drinking water in which the 

combined concentration of PFOA and PFOS exceeds the health advisory of 70 ppt from USEPA 

[42]. Therefore, for the severe public health issues in the world, the detection of PFCs in water is 

of interest as well as importance. 

Currently, the detection of PFCs mostly relies on high-performance liquid 

chromatography/mass spectroscopy (HPLC/MS) and gas chromatography/mass spectroscopy 

(GC/MS) which are extremely expensive and time-consuming. As a result, developing a low-cost 

essay with the capability of detecting the notorious chemicals with a concentration near the 

official suggestion or the regulation is highly demanded. Recently, several sensors have been 

developed for detecting PFCs. For example, as reported by Chen et al., PFOS can be detected by 

utilizing fluoro-photometry on red-emission carbon dots with a linear range from 100 g/L to 6 

mg/L [43]. Another method based on a complex of blue-fluorescent carbon dots and berberine 

chloride hydrate for the detection of PFOS is reported with the linear region from 110 g/L to 25 

mg/L [44]. A smartphone app-based sensor is also developed using colorimetric analysis to an 

active agent of methylene blue. The detection range is claimed in the 10 to 1000 ppb [45]. 

Consequently, an accurate, reliable, and fast assay for detecting PFCs is still in thriving 

development. 

 

Paper-based Sensors 

Paper substrates possess numerous advantages among other conventional substrates like 

metal electrodes. Paper is flexible, portable, extremely cheap, lightweight, biodegradable, and 

easy to be processed [46]. To be specific, the low-cost and ease of availability enable paper-

based sensors to compete with conventional detecting methods that are expensive and with high-
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threshold. For example, a single test of HPLC/MS assay could cost more than hundreds of 

dollars; however, paper-based electronics could cost less than ten dollars per device. Especially, 

for those developed countries and areas, the demand for a simple and sensitive device at an 

affordable price is of interest. Moreover, paper-based devices can be easily fabricated by printing 

or casting conductive materials on paper fibers. Conductive inks and printers are commercially 

available for printing electrodes with a variety of shapes as needed, offering engineers 

exceptional flexibility in designing paper-based electrodes; in the meantime, the conductivity 

will be unsacrificed.  

Jointly with these advantages, various paper-based sensors are reported to evaluate the 

potential for replacing conventional substrates such as printed circuit boards or glass slides. For 

instance, paper can serve as the substrate for electrochemical sensors integrated with 

microfluidic channels and sensing elements (the working electrode) in a multi-layer 

configuration [47-49]. Furthermore, the multi-layers can be folded together to inspire an 

“origami”, which means paper folding in Japanese, microfluidic design attributed to the 

flexibility of paper [46, 50-52]. Other applications include energy storage [53] and 

supercapacitors [54]. 

 

Materials and Methods 

Materials 

Aniline, ammonium persulfate (APS), PFOA, PFOS, perfluorobutanoic acid (PFBA), and 

perfluorohexanoic acid (PFHxA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Hydrochloric acid (HCl, 36–38%) and acetic acid were purchased from Macron (Center Valley, 

PA, USA). Methanol was obtained from VWR Chemicals (Radnor, PA, USA). Paper made of 
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polyester fibers was obtained from Xerox (Cat# 3R12493, Norwalk, CT, USA). The filter paper 

of Whatman 1 was purchased from VWR Chemicals (Radnor, PA, USA). Silver conductive ink 

was purchased from Creative Materials (Cat# 125-15, Ayer, MA, USA). 

 

Synthesis of Molecularly Imprinted Polyaniline on Paper 

PFOA or PFOS was used as the template for the molecular imprinting process on the 

PANI to synthesize PFOA molecularly imprinted PANI (PFOA-MIP-PANI) and PFOS 

molecularly imprinted PANI (PFOS-MIP-PANI). The monomer solution was prepared by 

mixing 0.2 g of aniline and 1 ml of 100 ppm PFOA or PFOS aqueous solution in 1 M HCl with a 

concluding volume of 5 ml. Paper strips with the dimensions of 1 cm  0.5 cm were immersed in 

the monomer solution and soaked for 5 min to be saturated with the solution. The polyester paper 

we used can absorb the most PANI on its surface during polymerization, giving the best 

conductivity compared with other filter papers such as the Whatman series. Afterward, the 

oxidant solution prepared by mixing 409 mg of APS in 5 ml of 1 M HCl was added drop-by-drop 

into the monomer solution under vigorous stirring to initiate the polymerization of PANI on 

paper substrates. The HCl was to act as the dopant enriching the conductivity of the PANI and to 

sustain the pH (pH = 0) in the reaction. The concentration of PFOA or PFOS templates in the 

reaction solution was 10 ppm. After 10 min of polymerization, the paper strips were removed 

and flushed with deionized water (DI water) multiple times until the eluent was clear and no 

excess PANI as dark-colored particles were found in the solution.  

To remove the template from the PANI matrix, the paper strips were immersed in a 

mixture of methanol and acetic acid at a ratio of 6:1 (v/v), followed by sonication for 4 h. The 

solution was refreshed every hour to ensure the effectiveness of template extraction. The 
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resulting strips were removed and rinsed with DI water until the pH reached 7, and then air-dried 

at 25oC for at least 12 h before fabrication. Non-molecularly imprinted PANI (NIP-PANI), 

serving as the control, was synthesized by following the same protocol given formerly without 

the addition of PFOA or PFOS in the monomer solution. The schematic diagram of the synthesis 

of PFOA-MIP-PANI and PFOS-MIP-PANI and the principle of molecular imprinting technology 

is shown in Figure 4. 

 

 

 

Figure 4 The schematic diagram of the synthesis of PFOA-MIP-PANI and PFOS-MIP-

PANI and the molecular imprinting process. (a) PFOA or PFOS, as the template, was first 
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mixed with aniline monomers in HCl aqueous solution, followed by immersing paper strips 

for the thorough absorption of the monomers on the surface. The polymerization was 

initiated by adding the oxidant, and the PFC-imprinted PANI was synthesized. (b) The 

PFOA or PFOS templates were removed by sonication for 4 h in a mixed solution of 

methanol and acetic acid at a v/v ratio of 6:1, leaving cavities of specific recognition sites. 

(c) PFC samples were then dispensed to the surface of the integrated paper sensor, and the 

PFOA-MIP-PANI or PFOS-MIP-PANI was then able to detect the target PFCs by the 

molecularly imprinted structures. The targets and the host of MIP-PANI performed an 

equilibrium system of association and dissociation. (d) The photographic images of the 

integrated sensor with a flexible paper/plastic substrate. Scale bar denotes 1 cm in length. 

 

 

Long-term Stability Test 

To determine the model substrate for PANI to be deposited on, two types of 

commercially available paper, polyester paper from Xerox and Whatman 40, were selected for 

the long-term stability test. Paper was cut into strips (1 cm  1 cm) and deposited with PANI on 

the surface. The resistivity of each strip in the air at 25oC was measured by a multimeter (8846A, 

Fluke) once a week. 

 

Fabrication of Molecularly Imprinted Polymer Paper Sensor 

For fabricating the device, an MIP-PANI pad was first attached to a piece of the plastic 

stencil (Cat# 381384, Show-offs Company, USA) with the dimensions of 1 cm  3 cm using 

double-sided tape. Two pieces of copper tape (1 cm  1/4 in), as the connecting electrodes, were 

then attached on both sides of the MIP-PANI pad, leaving a 1 mm gap between the MIP-PANI 

pad and each copper electrode. The gaps were filled with silver ink to build the conjunction 

between the MIP-PANI pad and the connecting electrodes. The silver ink was then air-dried at 

25oC for at least 12 h, and the assembled device was ready to detect PFOA and PFOS. The 

photographic image of the integrated sensor is presented in Figure 4. 
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PFOA/PFOS Exposure, Resistance Measurement, and Selectivity Experiment 

PFC solutions with multiple concentrations from 0 to 100 ppt were prepared to cover the 

maximum tolerance of 70 ppt from the USEPA’s guideline. For the exposure step, a 30 L 

aliquot of PFOA or PFOS was dispensed on the center of the PANI pad and reacted for 30 min, 

and then air-dried at 25oC. The reaction time of 30 min after dispensing PFC samples was used 

to ensure that the detection achieved an equilibrium. The change in resistance between the two 

electrodes after exposure to PFOS was measured by the direct current (DC) resistance mode of a 

multimeter (8846A, Fluke, Everett, WA, USA). The experimental setup is illustrated in Figure 5. 

Resistance (R) can be converted to resistivity () by using the following equation, 

 

 ρ = 
RA

L
  

  Equation 1  

 

where L is the length and A is the cross-sectional area of the PANI paper electrode. Since 

the dimension of paper electrodes remains the same for all specimens, the measured resistance is 

proportional to the resistivity of the PANI paper electrodes. All the responses were normalized 

based on the DI water (0 ppt) by using the following equation, where before and after are the 

resistivity of the PANI paper electrodes before and after the exposure, respectively: 

 

 Normalized ratio = 
ratiosample

ratiowater
 = 

(ρafter, sample)/(ρbefore, sample)

(ρafter, water)/(ρbefore, water)
   

 Equation 2 

 

The statistical analysis and the calibration curves were generated by using the default 

linear regression model in SigmaPlot. The statistical significance between experimental groups 
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was defined as p (p-value) < 0.05 and determined by a Student’s t-test performed by SigmaPlot. 

The typical equation to calculate the limit of detection (LoD) is [55]: 

 

 LoD = 
3σ

m
  

  Equation 3 

 

where m and  are the slope and the standard deviation of blank samples from the 

calibration curve, respectively. By plugging in these values, the limit of detection of PFOA or 

PFOS for the PFOA-MIP-PANI and PFOS-MIP-PANI paper sensors can be estimated. 

Relevant PFCs of PFBA, PFHxA were used for the selectivity experiment of which the 

concentration for comparison was set to be 70 ppt corresponding to the maximum tolerance 

advised by USEPA. The experimental procedures followed the same protocol for measuring the 

resistivity of MIP-PANI electrodes as previously mentioned. 
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Figure 5 The experimental setup for measuring the resistance of the MIP-PANI electrodes. 

The scale bar denotes the length of 1 cm, which also corresponds to the dimension of the 

grids on the cutting mat. The probes are connected to the multimeter with a portion of the 

wires not shown in this picture. 

 

 

PFOA/PFOS Detection in Mixed Solutions by PFOA/PFOS Hybrid Imprinted Polyaniline 

To synthesize the MIP-PANI with the hybrid templates of PFOA as well as PFOS 

(PFOA/PFOS-MIP-PANI), the 1 ml of template solution in the synthesis of MIP-PANI was 
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replaced by two equal amounts of 500 l of 100 ppm PFOA and PFOS, followed by the same 

protocols as mentioned above. NIP-PANI, PFOA-MIP-PANI, PFOS-MIP-PANI, and 

PFOA/PFOS-MIP-PANI as four different sensing elements were used to fabricate the paper 

sensors. Mixture samples of PFOA and PFOS were prepared by mixing PFOA and PFOS in 

aqueous solutions at the combined concentration of 70 ppt. The sample set is listed in Table 1. 

Because there are three variables of resistivity ratios, PFOA/PFOS concentrations in the sample 

solutions, and the types of MIP-PANI, a 3D diagram is required to visualize and compare the 

trends among these parameters. Origin and SigmaPlot were used to plot the 3D diagrams with 

two different styles emphasizing the standard errors and mean averages, respectively. 

 

 

Table 1 The denotation of the mixture of PFOA and PFOS sample solutions. 

Mixture Denotation  

PFOA:PFOS PFOA Concentration (ppt) PFOS Concentration (ppt) 

70:0 70 0 

60:10 60 10 

50:20 50 20 

40:30 40 30 

30:40 30 40 

20:50 20 50 

10:60 10 60 

0:70 0 70 
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Fourier-transform Infrared Spectroscopy 

The surface of the PFOA-MIP-PANI and PFOS-MIP-PANI sensing element was 

characterized by an attenuated total reflectance module of an FTIR spectrometer (ATR-FTIR, 

Nicolet 380, Thermo Scientific, Waltham, MA, USA) to evaluate the potential binding sites for 

PFOA and PFOS on PFOA-MIP-PANI and PFOS-MIP-PANI. The sensing area on the PANI 

pad was dispensed by 30 l of 150 ppt PFOA or PFOS aqueous solution for 30 min and air-dried 

at 25oC for at least 12 h, followed by an additional vacuum drying process for 2 days and being 

kept in a silica gel-contained desiccator to ensure the complete removal of moisture in the 

specimens. The FTIR spectra were based on 64 scans and were collected at 25oC with 

wavenumbers from 500 cm-1 to 4000 cm-1 and at a resolution of 2 cm-1. 

 

X-ray Photoelectron Spectroscopy 

To evaluate the effectiveness of removing PFC templates from the PANI matrix, the XPS 

spectra of the surface of PFOA-MIP-PANI and PFOS-MIP-PANI at different fabrication steps 

(before sonication, after sonication, and after sample dispensing) in the molecular imprinting 

process were obtained by an XPS instrument (Scienta Omicron, Denver, CO, USA) equipped 

with Mg/Al X-ray source (DAR 400, Scienta Omicron, Denver, CO, USA). Before XPS 

measurement, the specimens from the three steps were vacuum dried for at least 4 days to 

remove any trace level moisture in the specimens. The binding energies of interest in the XPS 

spectra come from 1s orbitals of fluorine (F1s) and nitrogen atoms (N1s) which were selected in 

the corresponding modes in the control panel of the XPS system. 
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Scanning Electron Microscopy 

After the exposure to 150 ppt PFOA or PFOS for 30 min, the PFOA-MIP-PANI and 

PFOS-MIP-PANI strips were air-dried at 25oC for 12 h, followed by further drying under 

vacuum for additional 4 days. The specimens were then stored in a desiccator with silica gels to 

keep from environmental humidity. For sample preparation, the specimens were cut into small 

pieces with a dimension of about 0.5 cm  0.5 cm and mounted on aluminum stubs using carbon 

conductive tapes, followed by being pre-treated with Pt/Pd sputtering for improving the 

conductivity. The surface morphology of PFOA-MIP-PANI and PFOS-MIP-PANI were 

analyzed by a filed-emission scanning electron microscope (LYRA3, TESCAN, Czech Republic) 

operated at the voltage of 10 kV. 

 

Results 

Long-term Stability Test 

The resistivity changes of PANI on Xerox polyester paper and Whatman 40 filter paper 

among a 14-week experimental period from synthesis are shown in Figure 6. For Xerox paper, 

on the one hand, the resistivity of PANI expressed no significant increase within 11 weeks. On 

the other hand, the resistivity of PANI on Whatman 40 increased gradually after synthesis. The 

resistivity of the PANI on the polyester paper substrate in the air was stable, suggesting the 

remarkable stability of the proposed molecularly imprinted paper sensor. 
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Figure 6 Long-term stability of PANI on paper (n=4). The x axis represents the time from 

the fabrication of PANI on paper strips. 

 

 

Fabrication of Molecularly Imprinted Polymer Paper Sensor 

To incorporate as much PFOS as possible in molecular imprinting to generate more 

recognition sites in the PANI matrix, the concentration of PFOS in the template solution was 

adjusted to 100 ppm, which is close to the solubility of PFOS in water (~550 ppm). In general, 

concentrations of templates would be larger than concentrations of samples to ensure binding 

effectiveness. As the photographic images of the integrated paper sensor shown in Figure 4d. 

PFC-MIP-PANI was evenly deposited on the paper strips. The substrates of paper and stencil are 

flexible, and the bending motion did not damage the electronic connection of the silver pastes as 

shown in Figure 4d. In addition, using paper and conductive polymers as the substrate and the 
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electrodes can achieve high-throughput fabrication and drastically reduce the cost compared to 

conventional assays. As a result, for potential forms of utilization, this paper sensor is most likely 

to be fabricated as a fast screening or a single-use testing kit.  

 

PFOA/PFOS Detection in Single Solutions 

PFOA and PFOS aqueous solutions with concentrations from 0–500 ppt (pH = 7) were 

prepared for evaluating the detection performance of PFOA-MIP-PANI and PFOS-MIP-PANI 

electrodes. The resistivity ratios of NIP-PANI and MIP-PANI electrodes in PFOA and PFOS 

detection are summarized in Figure 7. A comprehensive summary of the linear regression ranges, 

the regression equations, the values of the coefficient of determination (R2), and the estimated 

limit of detection (LoD) are summarized in Table 2. For PFOA detection, compared with NIP-

PANI control, PFOA-MIP-PANI demonstrated a broader linear range up to 200 ppt. At the 

concentration of PFOA larger than 200 ppt, the resistivity of PFOA-imprinted electrodes reached 

saturation, and the response remained the same. NIP-PANI control without molecular imprinting 

treatment possessed a certain ability to detect PFOA at a linear range from 20 to 80 ppt. Beyond 

100 ppt, the electrodes were saturated as well. For PFOS, the detecting efficiency was much 

better than which of NIP-PANI. The linear regression region of PFOS-MIP-PANI electrodes 

ranged from 20 to 100 ppt, followed by the saturated response. NIP-PANI expressed a poor 

capability of detecting PFOS with limited increased resistivity upon exposure. 

 

 



 

23 

 

 

Figure 7 The resistivity ratios of the NIP-PANI and MIP-PANI sensors exposed to PFOA 

or PFOS. NIP-PANI: non-molecularly imprinted PANI; PFOA-MIP-PFOA: PFOA-

imprinted PANI; PFOS-MIP-PANI: PFOS-imprinted PANI. The two types of MIP-PANI 

exposed to its designated analytes are denoted as PFOA detection and PFOS detection. 
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Table 2 The summary of the linear regression ranges, regression equations, coefficients of 

determination (R2), and limits of determination (LoD) of each sensing element. 

Sensing Element 

Linear 

Regression 

Range (ppt) 

Linear Regression 

Equation 
R2 LoD (ppt) 

PFOA Detection 

NIP-PANI 20–80 y = 0.0008x + 0.9945 0.9669 21.7 

PFOA-MIP-PANI 20–200 y = 0.0008x + 0.9998 0.9978 20.6 

PFOS Detection 

NIP-PANI 20–60 y = 0.0005x + 1.0013 0.9887 27.3 

PFOS-MIP-PANI 1–100 y = 0.0016x + 0.9992 0.9954 7.1 

 

 

 The calibration curve of PFOA-MIP-PANI and the resistivity data of NIP-PANI as the 

control for comparison are shown in Figure 8. The resistivity ratio was correlated with the 

concentration of PFOA in water. According to the linear regression line of PFOA-MIP-PANI, 

the linear range is from 20 to 200 ppt and saturates from 250 ppt. The NIP-PANI, however, has a 

lower response than PFOA-MIP-PANI beyond 100 ppt. The coefficients of determination (R2) of 

NIP-PANI and PFOA-MIP-PANI are 0.9669 and 0.9978, respectively. The linear regression 

equation of NIP-PANI is y = 0.0008x + 0.9945 of a range from 20 to 80 ppt, and the linear 

regression equation of PFOA-NIP-PANI is y = 0.0008x + 0.9998 of a range from 20 to 200 ppt. 

The limits of detection of NIP-PANI and PFOA-MIP-PANI are estimated to be 21.7 ppt and 20.6 

ppt, respectively. For the control of NIP-PANI, its calibration curve exists a narrower linear 

range, and the saturation point emerges at the lower concentration compared with which of 

PFOA-MIP-PANI. 
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Figure 8 The resistivity ratios of NIP-PANI and PFOA-MIP-PANI paper sensors after 

dispensing PFOA aqueous samples on the sensors with different concentrations. Each point 

denotes the average value measured from three devices, and the error bars represent the 

standard deviations. The red line is the calibration curve with the coefficient of 

determination (R2) estimated by using a linear regression model. 

 

 

The calibration curve and the linear regression model of resistivity ratios of PFOS-MIP-

PANI electrodes as a function of the concentration of PFOS are shown in Figure 9. The 

calibration curve of PFOS-MIP-PANI demonstrates a robust linear relationship between the 

resistivity ratios and concentrations of PFOS. The linear regression equation of y = 0.0016x + 

0.9992 and the coefficient of determination (R2) of 0.9954 were estimated by the linear 

regression model calculated by SigmaPlot. The linear range is from 1 to 100 ppt. On the other 
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hand, NIP-PANI demonstrates the estimated linear regression equation of y = 0.0005x + 1.0013 

with its R2 value of 0.9887 at a linear range from 20 to 60 ppt. According to Equation 3, the 

limits of detection of NIP-PANI and PFOS-MIP-PANI are estimated to be 27.3 ppt and 7.1 ppt, 

respectively. 

 

 

 

Figure 9 The calibration curve of NIP-PANI and PFOS-MIP-PANI exposed to various 

concentrations of PFOS aqueous solutions. The resistivity ratios were normalized to the 

resistivity ratio of DI water. The data points denote the averages of repeating 

measurements of DC resistance of at least three devices, from which the standard 

deviations are also calculated and marked as error bars. The red line is the calibration 

curve with the coefficient of determination (R2) estimated by using a linear regression 

model. 
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PFOA/PFOS Detection in Mixed Solutions and by Hybrid Imprinted Polyaniline 

For detecting PFOA and PFOS in their mixed solutions by PFOA-MIP-PANI and PFOS-

MIP-PANI and the hybrid imprinted PANI (PFOA/PFOS-MIP-PANI), the identical procedures 

of the sample dispensing and resistivity measurement were executed for PFOA/PFOS mixtures, 

and the results are summarized in Figure 10. The three 3D diagrams are based on the same result 

but plotted by different software to emphasize the standard errors or averages. In Figure 10a 

plotted by Origin, the resistivity ratios of the three types of MIP-PANI and NIP-PANI exposed to 

PFOA/PFOS mixtures were demonstrated by a perspective view which is apparent for 

visualizing the standard errors. The error bars denote the standard deviations of each sample. 

Some of the data points express large standard errors. Figure 10b and Figure 10c present two 3D 

plots with the same data set but with different perspective angles to reveal the hindered bars from 

one side. The bar chart of SigmaPlot makes it easier to compare the mean values of resistivity 

ratios of the samples. In general, PFOS-MIP-PANI had a larger resistivity response as the 

concentration of PFOS increased, while PFOA-MIP-PANI seemed to be more responsive to 

PFOA as the concentration of PFOA increased. However, the trend is not obvious among the 

series of samples. PFOA/PFOS-MIP-PANI, the hybrid imprinted PANI, showed relatively low 

responses to all PFOA/PFOS mixtures except the samples with higher PFOS concentrations of 

50 ppt and 70 ppt. The trend in NIP-PANI is unobvious as well. 
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Figure 10 The 3D diagram of resistivity ratios of NIP-PANI, PFOA-MIP-PANI, PFOS-

MIP-PANI, and the hybrid imprinted PANI (PFOA/PFOS-MIP-PANI) exposed to 

PFOA/PFOS mixed solutions at the combined concentration of 70 ppt. (a) The 3D figure is 

a perspective view plotted by Origin software, showing the error bars calculated from at 

least three devices. The dots represent the mean averages that came from at least three 

devices as well. (b, c) The complementary 3D figures plotted by SigmaPlot, which 

demonstrate two different viewing angles to reveal the concealed bars from the one side of 

view. All three figures are plotted based on the same set of data. 
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Attenuated Total Reflection Fourier-transform Infrared Spectroscopy Spectra 

The ATR-FTIR spectra of the surface of NIP-PANI and MIP-PANI electrodes are shown 

in Figure 11. For NIP-PANI after PFOA exposure, the characteristic peak is found at 1571 cm-1, 

and a redshift from 1571 cm-1 to 1577 cm-1 presents in the spectrum of PFOA-MIP-PANI. 

Meanwhile, an additional peak at 1460 cm-1 appears in the spectrum of PFOA-MIP-PANI after 

PFOA exposure. Moreover, a set of characteristic peaks at around 1027 cm-1 and 1036 cm-1 show 

in the spectra of PFOA-MIP-PANI and NIP-PANI as well, where a redshift also presents in the 

spectrum of PFOA-MIP-PANI after being exposed to PFOA. 

For PFOS detection, the ATR-FTIR spectra (Figure 12) of the surface of PANI electrodes 

after being exposed to PFOS show a characteristic peak at around 1570 cm-1 and a redshift from 

1570 cm-1 to 1576 cm-1 while molecular imprinting process was applied to the PANI. In addition, 

the spectrum of PFOS-MIP-PANI after PFOS exposure shows a characteristic peak at 1375 cm-1, 

which is not found in the spectrum of NIP-PANI. Another group of characteristic peaks at 

around 1015 cm-1 and 1035 cm-1 also present in the spectra of NIP-PANI and PFOS-MIP-PANI, 

respectively.  
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Figure 11 The ATR-FTIR spectra of the surface of PFOA-MIP-PANI and NIP-PANI. NIP-

PANI denotes the polyaniline synthesized in the absence of PFOA templates while the 

template removal process including sonication was still performed. The y axis based on the 

transmission mode has been adjusted in order to compare the wavelengths of the 

characteristic peaks. The arrows point out the characteristic peaks with their 

corresponding wavenumbers. The blue dotted lines are provided for comparing the 

potential redshifts. 
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Figure 12 The ATR-FTIR spectra of the surface of PFOS-MIP-PANI and NIP-PANI. NIP-

PANI denotes the polyaniline synthesized in the absence of PFOS templates while the 

template removal process including sonication was still performed. The y axis based on the 

transmission mode has been adjusted in order to compare the wavelengths of the 

characteristic peaks. The arrows point out the characteristic peaks with their 

corresponding wavenumbers. The blue dotted line is designated for comparing the 

potential redshift. 

 

 

X-ray Photoelectron Spectroscopy Spectra 

The XPS spectra of the surface of PFOA-MIP-PANI, PFOS-MIP-PANI, and NIP-PANI 

are shown in Figure 13. Two sets of spectra representing the binding energies from 1s atomic 
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orbitals of fluorine (F1s) and nitrogen (N1s) atoms are presented. For PFOA-MIP-PANI and 

PFOS-MIP-PANI before sonication, the spectra of F1s binding shows peaks at 688 eV and 684 

eV; however, the peaks at 684 eV disappear after the MIP-PANI strips were treated by 

sonication and reappeared after the exposure to PFOA or PFOS aqueous solution. On PFOS-

MIP-PANI, both the peaks at 688 eV and 684 eV disappear after the sonication process (the 

orange line in Figure 13b). 

The XPS spectra of the NIP-PANI sample as the control group show a little difference 

between PFOA and PFOS experiments. In the PFOS experiment, the spectrum of NIP-PANI 

shows almost no peak at 688 eV after PFOS exposure, and the peak at 684 eV is not as 

significant as the peak of PFOS-MIP-PANI (the green line in Figure 13b). Such observation does 

not exist in the PFOA experiment where both the NIP-PANI control and PFOA-MIP-PANI 

reveal two characteristic peaks at 688 eV and 684 eV. 

In addition, the N1s binding spectra show peaks at around 400 eV for all the processing 

conditions and types of MIP-PANI electrodes. After the exposure of PFOA, the spectra of 

PFOA-MIP-PANI and NIP-PANI show minor and nearly parallel redshifts to the lower binding 

energy of 399eV when compared with the peaks of PFOA-MIP-PANI before the exposure of 

PFOA (the maroon and orange lines in Figure 13c). In the meantime, for PFOS-MIP-PANI after 

PFOS exposure, the spectrum (the khaki line in Figure 13d) exhibits a redshift of the peak to 399 

eV when compared with the peaks of PFOS-MIP-PANI before the exposure of PFOS and NIP-

PANI control. The spectrum of PFOS-MIP-PANI demonstrates a more significant redshift than 

that of NIP-PANI. 
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Figure 13 XPS spectra of the surface of MIP-PANI electrodes in each processing step of 

molecular imprinting and PFOA/PFOS exposure. Non-molecularly imprinted PANI (NIP-

PANI) served as control. (a, b) F1s spectra (c, d) N1s spectra. The arrows represent the 

direction of redshift in binding energy. The y axis based on counts per second has been 

adjusted to the arbitrary unit in order to compare the binding energies of different 

samples. 
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Surface Morphology of MIP Electrodes by Scanning Electron Microscopy 

The SEM images of the NIP-PANI and PFOA-MIP-PANI electrodes are shown in Figure 

14. Before sonication, PFOA-MIP-PANI exhibits many separate and embedded spheres that 

might be nanocrystalline of PANI, while NIP-PANI shows irregular clusters (Figure 14a, d). In 

Figure 14b,e, after the sonication, the NIP-PANI and PFOA-MIP-PANI electrodes do not 

maintain a significant difference in their surface morphology, but some of the previous 

characteristic clusters and separate spheres diminish or even vanish. For NIP-PANI and PFOA-

MIP-PANI after the exposure to PFOA, their SEM images are shown in Figure 14c,f, 

respectively. The irregular clusters of NIP-PANI in Figure 14a do not present on those surfaces 

after PFOA exposure (Figure 14c,f,). Instead, the individual spherical crystalline with brilliant 

color reappears on both NIP-PANI and PFOA-MIP-PANI. Overall, for the PFOA detection 

experiment, SEM does not provide noticeable results in microstructural changes.  
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Figure 14 SEM images of the surface morphology of (a) NIP-PANI before sonication; (b) 

NIP-PANI after sonication and before the exposure to PFOA; (c) NIP-PANI after the 

exposure to PFOA; (d) PFOA-MIP-PANI before sonication; (e) PFOA-MIP-PANI after 

sonication and before the exposure to PFOS; (f) PFOA-MIP-PANI after the exposure to 

PFOS. The scale bar denotes 1 m in length. 

 

 

The surface morphology of PFOS-MIP-PANI and NIP-PANI electrodes is shown in 

Figure 15. Before the sonication treatment of the surface, PFOS-MIP-PANI exhibits a 

continuous phase with a few clusters and several nanosized spherical crystals of PANI, while 

NIP-PANI reveals irregular clusters as well as spherical crystals of PANI without a relatively 

continuous microstructure (Figure 15a, d). In Figure 15b,e, after the sonication, NIP-PANI and 

PFOS-MIP-PANI electrodes do not maintain a significant difference in surface morphology. The 

SEM images of the surfaces of NIP-PANI and PFOS-MIP-PANI after the exposure to PFOS are 
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shown in Figure 15c,f, respectively. NIP-PANI shows the morphology similar to the surface 

before sonication (Figure 15a) and before the exposure to PFOS (Figure 15b), upon which 

several fragmented and irregular clusters, as well as nanosized spherical crystals, exist. However, 

the continuous phase of clusters of a larger size than appearing on the surface of NIP-PANI after 

exposure to PFOS reappear on PFOS-MIP-PANI as shown in Figure 15f. The surface with the 

large and continuous domain of clusters and spherical nanocrystalline on PFOS-MIP-PANI in 

Figure 15f is comparable with the surface before sonication where PFOS templates were 

embedded in the PANI matrix. 

 

 

 

Figure 15 SEM images of the surface morphology of (a) NIP-PANI before sonication; (b) 

NIP-PANI after sonication and before the exposure to PFOS; (c) NIP-PANI after the 
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exposure to PFOS; (d) PFOS-MIP-PANI before sonication; (e) PFOS-MIP-PANI after 

sonication and before the exposure to PFOS; (f) PFOS-MIP-PANI after the exposure to 

PFOS. The scale bar denotes 1 m in length.  

 

 

Selectivity among Relevant Perfluorinated Compounds 

The selectivity of the PFOA-MIP-PANI paper sensor to PFOA and other comparable 

PFCs with similar functionality and chemical structures including PFBA, PFHxA, and PFOS are 

shown in Figure 16. At the concentration of 70 ppt which is the maximum tolerance in drinking 

water suggested by USEPA, the PFOA-MIP-PANI demonstrated the resistivity ratio with 

significant difference (p < 0.05) from other types of PFCs. PFCs with the longer aliphatic groups 

of six or eight carbons demonstrate slightly higher resistivity ratios; however, the significance 

still exists as shown in Figure 16, suggesting the great selectivity to PFOA among other 

comparable PFCs of PFBA, PFHxA, and PFOS. 
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Figure 16 The selectivity of PFOA-MIP-PANI to PFOA, PFBA, PFHxA, and PFOS. The 

concentration of each PFC in the aqueous sample was 70 ppt. The bars denote the average 

values of DC resistivity ratios normalized to which of water. The standard deviations as 

error bars were calculated from three devices. The asterisks represent the statistical 

significance (p < 0.05) compared with the ratio of PFOA. 

 

 

The selectivity of PFOS-MIP-PANI to PFOS and the other three relevant PFCs of PFBA, 

PFHxA, and PFOA is shown in Figure 17. After exposure to various PFC aqueous solutions with 

a concentration of 70 ppt, PFOS-MIP-PANI demonstrates the largest resistivity ratio to PFOS 

among other PFC chemical compounds. PFOS-MIP-PANI also indicates statistical significance 

(p < 0.05) between PFOS and relevant PFCs, indicating remarkable selectivity. The average 

responses of the other three types of PFCs slightly increase as the number of carbon atoms in the 

tail group increases. 
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Figure 17 The selectivity of PFOS-MIP-PANI to PFOS, PFBA, PFHxA, and PFOA. The 

concentration for each chemical in the aqueous samples was 70 ppt. The data were 

normalized to water resistivity. Each bar denotes the average of DC resistivity ratios 

measured from three devices, and the standard deviations are also marked as the error 

bars. The asterisks represent significance (p < 0.05) lower than the response of PFOS. 

 

 

Discussion 

The long-term stability study was to validate the synthesis procedures and the stability of 

the synthetic PANI platform we used. The remarkable durability of the polyaniline synthesized 

on the polyester paper strips may be attributed to the hydrophobic surface and the greater affinity 

with aniline monomers, resulting in a dense and continuous film on the polyester paper substrate 

rather than Whatman 40 filter paper. As a result, PANI on the polyester paper might have 

stronger intermolecular interaction and contribute to the durability of the electrodes. The 

relatively hydrophobic paper additionally allows the strips to remain whole in the solution 
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without being disintegrated by vigorous stirring. There are minor deviations found in Figure 6, 

which may be due to changes in temperature and humidity that are less than 10% of resistivity.  

According to the technical fact sheet released by USEPA, the suggested environmental 

tolerance of a combined concentration of PFOA and PFOS in drinking water is 70 ppt [41], 

which locates on the linear regression range of the calibration curves for molecularly imprinted 

PANI for both PFOA and PFOS detection. From the calibration curves, these devices can 

determine whether the concentration of PFOA or PFOS in aqueous solutions exceeds the 

maximum tolerance or not. As a result, the molecular imprinting process provides a promising 

method to remarkably improve the detection performance of PANI to PFOA and PFOS. 

The calibration curve reveals a positive and linear correlation of normalized resistivity 

ratios as a function of PFOA or PFOS concentrations in aqueous solutions, which means that the 

resistance of PFOA-MIP-PANI and PFOS-MIP-PANI electrodes increased after exposure to 

PFOA and PFOS. The larger standard deviation of the responses at the lower concentrations may 

result from the slight variation in resistance. The extremely low concentration may also limit the 

association between PFC and PFC-MIP-PANI and prolong the time for reaching equilibrium, 

increasing the standard deviation. PANI itself may possess a certain ability to react with PFOA 

due to the electrostatic interaction, however, the linear range is limited according to the early 

saturation. Therefore, PANI with molecularly imprinted structures provides a broader linear 

range for detecting PFOA compared with which of the pristine matrix, suggesting better 

effectiveness. 

ATR-FTIR uses a reflective mode to collect spectra down to a strictly limited depth from 

the surface, providing an effective tool for surface characterization. The relevant characteristic 

peaks of PANI, PFOA, and PFOS are summarized in Table 3 [56-62]. According to the ATR-
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FTIR spectra in Figure 11, the characteristic peak at around 1571 cm−1 represents C=N stretching 

of the quinoid form of aromatic rings in the PANI matrix [56, 57, 62]. The aromatic rings have 

resonance structures as quinoid and benzenoid forms while electric charges are transferred 

through the PANI backbones. Lal et al. found that the quinoid rings of PANI were attributed to 

the intermolecular interaction between multiwall carbon nanotubes (MWCNT) and the PANI 

matrix, further improving the thermal stability as the glass transition temperature of the 

MWCNT-PANI nanocomposite increased [63]. Therefore, this redshift indicates the potential 

intermolecular interaction and hybridization between PFOA and PFOA-MIP-PANI, and that 

possible binding sites could be located on quinoid rings in the PANI matrix. In addition, the 

characteristic peak at 1460 cm−1 may result from C=C stretching of aromatic rings and N=N 

stretching [62], or it can be the splitting of the native peak of benzenoid rings associated with the 

quinoid-benzenoid transition upon the PFOA exposure. Moreover, The characteristic peak at 

around 1036 cm−1 may suggest the vibrational stretch of C-C single bonds of PFOA [60, 61] on 

PFOA-MIP-PANI. Nevertheless, this type of peak may merely represent the C-H bond in-plane 

bending of the 1,4-aromatic ring [58] or N-H stretching in charged polymers of PANI [57], 

especially that the wavelength is located in the fingerprint region lower than 1200 cm−1 where 

the relevance of characteristic peaks and functional groups is uncertain and the molecular 

vibration modes play the more critical role [64]. In this situation, the spectrum of PFOA-MIP-

PANI after PFOA exposure additionally has a redshift at 1036 cm−1, indicating the reactive sites 

locate on aromatic rings. As a result, this specific peak may be less valuable in determining the 

functional groups but with potential in fingerprint analysis due to the uniqueness of molecular 

vibration.  
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Table 3 The reference of the characteristic peaks in the FTIR spectra of PANI, PFOA, and 

PFOS. Adapted from [56-62]. 

Wavenumber (cm-1) Assignments 

1574 Quinoid ring-stretching [56, 62] 

 

1478 Benzenoid ring-stretching [56, 62] 

 

1445−1451 C=C or N=N stretching [62] 

1329, 1372 CF2 axial stretching of PFOS [59] 

1319, 1363 CF2 axial stretching of PFOA [59] 

1354 C-N stretching of aromatic amines [57] 

1312 C-N stretching of secondary aromatic amines [57, 62] 

1286 C-N stretching of benzenoid rings [56] 

1267, 1283 CF2 vibrational stretching of PFOS [59] 

1248, 1257 C-N stretching in the polaron form of PANI emeraldine salt [57, 62] 

1243 C-N stretching of benzenoid rings [56] 

Asymmetric stretching of CF2 + R-SO3- of PFOS [59] 

1238 CF2 asymmetric stretching of PFOA [59, 61] 

1215 R-SO3-
 asymmetric stretching of PFOS [59] 

1204 Asymmetric stretching of CF2 + CF3 of PFOA [59, 61] 

1152 CF2 symmetric stretching of PFOS [59] 

 

 



 

43 

 

Table 3 (Continued) The reference of the characteristic peaks in the FTIR spectra of PANI, 

PFOA, and PFOS. 

Wavenumber (cm-1) Assignments 

1149 CF2 symmetric stretching of PFOA [59] 

1148, 1167 C-H in-plane deformation on quinoid rings 

or (quinoid)=NH+-(benzenoid) 

 

or (benzenoid)-NH+•-(benzenoid) [62] 

 

1079 N-H stretching in charged polymers [57] 

1066 R-SO3-
 symmetric stretching of PFOS [59] 

1045 HSO4- or SO3- on aromatic rings [62] 

1037 C-C vibrational stretching of PFOS [59] 

1014, 1102 C-C vibrational stretching of PFOA [59-61] 

1031 C-H in-plane bending of 1,4-rings [58] 

1010 N-H stretching in charged polymers [57] 

795 C-C and C-H of benzenoid rings [56] 

 

 

In the meantime, for PFOS detection, its ATR-FTIR spectra as shown in Figure 12 also 

suggest the redshift of quinoid rings as the potential binding sites in the molecularly imprinted 
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structure. The characteristic peak at 1375 cm−1 of PFOS-MIP-PANI indicates the axial stretch of 

CF2 binding [59], which suggests the presence of PFOS on MIP-PANI electrodes whereas NIP-

PANI does not present the similar functional group. The peaks at around 1035 cm−1 may be 

attributed to the vibrational C-C stretch of PFOS [59] or the sulfonate group absorbed on the 

aromatic rings of PANI [62, 65], indicating additional evidence of the capitulation of PFOS 

molecules by the recognition sites generated by the molecular imprinting process. Again, such 

the peak contains complex information from various sources as mentioned above [58], making 

the assignment of corresponding chemical bonds trickier and more challenging. 

In the molecular imprinting process, templates coexist with monomers in the solution 

during polymerization, after which templates must be removed and leave cavities as recognition 

sites to target molecules. Therefore, the procedure of removing template molecules from a 

polymer matrix plays an important role in synthesizing MIPs. Sonication in a cosolvent of acetic 

acid/methanol was utilized to extract PFOS templates from the PANI matrix. Herein, the XPS 

experiments were to investigate the efficiency of PFOS template removal from the PANI 

substrate. Table 4 [66-76] lists the XPS reference peaks in F1s spectra of various species and 

binding energies. According to the spectra representing F1s bonding as shown in Figure 13a and 

Figure 13b, because fluorine atoms do not exist in the chemical structure of PANI, the peaks 

indicate the presence of PFOA or PFOS on the surface of MIP-PANI electrodes. Before 

sonication, PFOS-MIP-PANI contained PFOS templates and its F1s spectrum (Figure 13b) 

shows a peak at around 688 eV which represents aliphatic fluorine (CF2) bonding [66, 77]. After 

sonication in the cosolvent, the corresponding CF2 peak in the F1s spectrum disappears, 

suggesting the successful removal of PFOS templates from PFOS-MIP-PANI. Once the PFOS-

MIP-PANI was exposed to PFOS, PFOS molecules were captured by the molecularly imprinted 
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recognition sites in PFOS-MIP-PANI proven by the reemerged CF2 peak in the XPS results. In 

contrast, NIP-PANI did not show the aliphatic fluorine peaks due to the lack of specific binding 

cavities. 

 

 

Table 4 The binding energies of the 1s orbital of fluorine (F) in the FTIR spectra of various 

chemicals. Adapted from [66-76]. 

Element Species Binding Energy (eV) 

F SF6 [70] 690.3 

 (-CF2CF2-)n [71] 689.9 

 -CF3 [66] 689.2 

 (-CHFCHF-)n [72] 689.1 

 (-CF2CH2-)n [72] 688.8 

 (-CHFCH2-)n [72] 688.0 

 PF6 [73] 687.8 

 AlF3 [74, 75] 687.7 

 Fluorine in vinyl polymers [69] 687.0 

 AlF3•3H2O [67] 686.3 

 SiF6 [76] 686.3 

 BF3 [67] 686.1 

 Metallic phenyl ligands [68] 686.0 

 Metallic fluoride [66, 67] 682.4–687.8 
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Nevertheless, such the principle does not perfectly apply to the F1s spectra of PFOA-

MIP-PANI (Figure 13a). Only the peak at 684 eV disappears and reappears after sonication and 

PFOA exposure. In principle [66, 78], the characteristic peak at around 684 eV represents 

metallic or ionic fluoride. Because the secondary binding of electrostatic attraction force is not 

strong enough to break covalent C-F bonds, the PFOA was unlikely to be decomposed into 

fluorine ions while being detected by PFOA-MIP-PANI. Metallic-phenyl coordination [68] and 

fluorine in vinyl polymers [69] could have lower F1s binding energies, but the detailed reason is 

yet to be determined. Further investigation and peak deconvolution could also be helpful to 

recover the potential corresponding species [79]. Overall, the XPS spectra can still provide the 

supplemental view for visualizing the molecular imprinting processes which are usually difficult 

to be described by solely narrative description.  

Additionally, according to the nitrogen spectra in Figure 13c and Figure 13d representing 

the N1s binding in PANI, the peak-shifting to the lower binding energy after exposure to PFOA 

or PFOS suggests the potential secondary bonds between PANI and PFOA/PFOS. In contrary to 

F1s binding, N1s binding only presents in the PANI matrix. The electrostatic force between 

negatively charged fluorine atoms as well as acid functional groups in PFCs and positively 

charged nitrogen atoms in PANI may generate induced-dipole moments on N1s binding and 

weaken the original binding energy within PANI, causing the redshift of the XPS spectra. In 

other words, nitrogen atoms in PANI may serve as the key parameter for recognizing target 

PFCs. The values of 1s binding energies of various organic nitrogen species are summarized in 

Table 5 [66, 67, 69, 80-86]. Depending on the resonance structures, PANI could have N1s XPS 

peaks combined with binding energies ranging from 398.5 eV (imine, C=N-C) to 399.5 eV 

(amine, C-NH-C) and 401.5 eV (protonated imine, C=(NH+)-C) [80]. In Figure 13c and Figure 
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13d, after PFOA or PFOS was captured, the redshift towards the lower energy implies that the 

PANI expressed more affinity with imine structures. Particularly, PFOS-MIP-PANI shared more 

characteristics of imine functional groups than NIP-PANI did (Figure 13d), and the tendency of 

imine structures agrees with the quinoid rings referred to the ATR-FTIR spectra in Figure 11 and 

Figure 12. Therefore, quinoid rings and nitrogen atoms could be the functional groups of the 

recognition sites that allow MIP-PANI to detect PFOA and PFOS. 

 

 

Table 5 The binding energies of the 1s orbital of organic nitrogen (N) in the FTIR spectra 

of various chemicals. Adapted from [66, 67, 69, 80-86]. 

Element Species Binding Energy (eV) 

N (organic) Nitro, -NO2 [81] 405.7 

 Malononitrile, NC-CH2-CN [81] 402.3 

 Protonated amine, C=(NH+)-C) [80] 401.5 

 Imide, (C=O)-N-(C=O) [82] 400.6 

 N-(C=O)-O- [85] 400.3 

 N-(C=O)-N [66] 399.9 

 Amide, N-(C=O)- [66] 399.7 

 Leucoemeraldine [80] 399.5 

 N within aromatic ring (like pyridine) [83, 84] 399.5 

 Nitrile, -CN [66, 86] 399.5 

 Amine, C-NR2 [80] 399.4 

 Imine, C=N-C [80] 399.0 

 Imine, R=N-R [80] 398.3 
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Moreover, the existence of the characteristic peak at 688 eV of the F1s spectra of the 

NIP-PANI control as shown in Figure 13a might explain the certain capability of detecting 

PFOA by NIP-PANI because only the presence of PFOA would contribute to the peaks in F1s 

spectra. This inference might also correspond to the N1s spectra as shown in Figure 13c, in 

which PFOA-MIP-PANI and NIP-PANI retain a similar level of redshift. For PFOS detection, 

NIP-PANI did not possess an adequate response to PFOS, which might result in its weaker XPS 

peak at 688 eV in Figure 13b. On the other hand, the redshift is more obvious in Figure 13d 

(PFOS detection) than in Figure 13c (PFOA detection), indicating that the N1s binding within 

the PANI matrix of PFOS-MIP-PANI after PFOS exposure was weaker than which in PFOA-

MIP-PANI. In other words, the intermolecular interaction between PFOS and PFOS-MIP-PANI 

was stronger. This might be related to the larger slope of the calibration curve of PFOS as shown 

in Figure 7, which means that PFOS molecules were captured by PFOS-MIP-PANI more easily; 

however, its calibration curve reached the saturation earlier than that of PFOA-MIP-PANI. The 

reasons might be attributed to the smaller number of recognition sites on PFOS-MIP-PANI 

caused by the dynamics or kinetics between PFCs and the PANI matrix during co-

polymerization. The detailed mechanism deserves future attention. 

Since PFOA and PFOS are both small molecules on a nearly atomic scale, the theoretical 

cavities created from the molecular imprinting process are extremely difficult to be observed 

under SEM. For NIP-PANI and MIP-PANI exposed to PFOA, the separate spherical structure 

might imply the recognition sites of PFOA templates embedded in PANI matrix (Figure 14a,d) 

because such the specific structure was removed after sonication (Figure 14b,e) and presented 

again after PFOA exposure (Figure 14c,f). For NIP-PANI, the surface structure was refined from 

irregular clusters (Figure 14a) to spheres (Figure 14b) by sonication process, which might be 
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caused by the vibrational energy separating the primitive structure apart. After PFOA exposure, 

the separate spheres reappeared as shown in Figure 14c, corresponding to the certain capability 

of detecting PFOA by NIP-PANI. This implies that NIP-PANI and MIP-PANI capturing PFOA 

molecules might reveal structures as individual spheres. 

Simultaneously, the presence of PFOS during polymerization may result in the structural 

refinement of irregular and fragmented clusters, leading to a continuous phase embedding the 

PFOS templates in the PFOS-MIP-PANI before being treated with an ultrasonic bath (Figure 

15d). The removal process disposed of the PFOS templates and brought the surface morphology 

back to fragmented clusters (Figure 15e). Finally, after dispensing the sample solutions on the 

surface, the PFOS-MIP-PANI recognized and captured PFOS molecules as if they were 

embraced after polymerization, causing a continuous phase to emerge again (Figure 15f). On the 

contrary, NIP-PANI did not undergo a significant transformation of the surface morphology 

between those steps in the PFOS experiment (Figure 15a-c).  

Among the PFOA and PFOS experiments, the dominant microstructures in MIP-PANI 

varied. As discussed in the XPS spectra (Figure 13), the N1s binding within PANI was weakened 

after capturing PFOA and PFOS, in which PFOA-MIP-PANI has the relatively stronger inter-

PANI binding strength than that of PFOS-MIP-PANI, suggesting that the PANI chains of PFOA-

MIP-PANI might tend to aggregate into spherical structures. On the other hand, because of the 

weaker inter-PANI binding strength, a continuous structure like an amorphous phase is more 

favorable than the well-defined spherical structures in PFOA-MIP-PANI. Although SEM 

contains its theoretical limitation in observing the actual molecularly imprinted cavities, these 

images provide a morphological point of view to describe the behavior of detaching templates 
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and recognizing targets for MIPs. Systematic investigation and other supporting information to 

precisely locate and visualize the realistic cavities are needed in future work. 

The detection mechanism of MIP-PANI has been proposed from the obstruction of 

electric hole transfer caused by the occupation of the recognition sites by the target molecules 

[12]. The absorption of target molecules can modulate the conductivity of PANI. As shown in 

Figure 18, polyaniline exists in two types of configurations: emeraldine salt and emeraldine base. 

Because of the presence of the positive charges as the charge carriers for the electrical 

conductance through the PANI matrix which is like a p-type semiconductor, emeraldine salt is 

conductive while emeraldine base is much less so. In the synthesis of PANI, the addition of HCl 

as the dopant provides the conductance of the PANI by the emeraldine salt. PFOA and PFOS are 

aliphatic acids that are rich in negative charges and electron long pairs, which could attract the 

electron holes on nitrogen atoms of PANI and shift the functional groups from the bulk to the 

surface during the molecular imprinting polymerization, resulting in a mutually compensated 

structure of PFOA/PFOS and PANI matrix through the electrostatic interaction. When PFOA or 

PFOS samples are dispensed on the surface of the PFOA-MIP-PANI or PFOS-MIP-PANI 

electrodes where the recognition sites are rich in positive charges, the negative charges of PFOA 

or PFOS might bind with the PANI by neutralizing those electron holes, resulting in a reduction 

of the number of charge carriers as well as in the conductivity. This also agrees with the 

increased characteristics of imine groups indicated by the XPS spectra in Figure 13, suggesting 

that the partial emeraldine salt in the PANI might have been transferred into the less conductive 

emeraldine base, causing the increased resistance of the calibration curves in Figure 8 and Figure 

9. Since the pH value of the PFOS sample solution was close to 7, the exposure of trace PFOA or 

PFOS in a ppt level might be unable to reveal a visible colorimetric change of the PANI 
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electrode from green (emeraldine salt) to blue (emeraldine base). Alternatively, the absorption of 

PFOS is demonstrated in the FTIR and XPS spectra, and the peak shift in XPS indicates more 

characteristics of imine groups that contribute to the less conductive emeraldine base. Although 

XPS is not designed for precise quantitative analysis due to lack of calibration standards, and the 

actual balance of salt form and base form implied by the addition of PFOA or PFOS is yet to be 

determined, the spectra still provide a comparable and corresponsive proof of PFOA and PFOS 

detection and a reduction of conductivity. 

 

 

 

Figure 18 The transformation between the forms of polyaniline emeraldine salt and 

emeraldine base. The symbol of A- denotes the counter ion of the positively charged 

electron-hole. 

 

 

Molecular imprinting technology provides a promising method for fabricating specific 

binding sites, which benefit from the intermolecular interaction between templates and polymer 

matrix. Since the approach of detection depends on the intermolecular interaction and structural 

complementarity, we used relevant PFCs with a different functional group (carboxylic acid or 

sulfonate group) and varied lengths of aliphatic groups from four to eight carbons (PFBA, 

PFHxA, and PFOA or PFOS) to evaluate the effectiveness of molecular imprinting for PFOA 

and PFOS detection. The slightly increased resistivity ratios for the longer PFCs might result 
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from the more similar geometry to the corresponding target, PFOA or PFOS. Particularly, PFOA 

and PFOS share a similar chemical structure consisting of eight fully fluorine-substituted carbons 

and functional groups of carboxylic acid and sulfonate, making these two PFCs more responsive 

to their analogous hosts of PFOS- and PFOA-MIP-PANI compared with PFBA and PFHxA are. 

However, the responses for those shorter PFCs or PFCs with different functional groups still 

have statistical significance to the response of PFOA and PFOS as shown in Figure 16 and 

Figure 17, respectively. Molecular imprinting of PFOA and PFOS on PANI can fabricate 

receptor-like structures facilitating the recognition of target molecules; therefore, PFOA-MIP-

PANI and PFOS-MIP-PANI demonstrate excellent selectivity to their designated target 

molecules of PFOA and PFOS among other comparable PFCs. 

As discussed before, the 70 ppt of the advisory maximum is what we are interested in. To 

test if a sample solution exceeds the legal tolerance and is safe to be consumed, this PFC-MIP-

PANI is expected to identify the concentration not only in a single-solute solution but also in a 

mixture of PFOA and PFOS. Therefore, a series of mixed solutions of PFOA and PFOS were 

dispensed on the PFOA-MIP-PANI and PFOS-MIP-PANI paper sensors. In addition to a single 

template, this study used a hybrid template consisting of PFOA and PFOS for the first time to 

test the efficacy of the hybrid imprinting approach and to investigate the sensing mechanism.  

According to the calibration curves in Figure 7, the normalized resistivity ratio increased 

after PFOA and PFOS exposure, and PFOS-MIP-PANI is more responsive to its target molecule, 

PFOS, than PFOA-MIP-PANI does from the larger slope in the linear region under 100 ppt. 

Ideally, PFOS-MIP-PANI should have nearly no response to PFOA at any concentrations, so the 

resistivity ratios should gradually decrease as the PFOS concentration decreases in the mixture. 

The similar hypothesis also applies to the PFOA system. The response of PFOS-MIP-PANI 



 

53 

 

should be larger than that of PFOA-MIP-PANI, which is confirmed by Figure 10. PFOS-MIP-

PANI was more responsive in those mixtures with higher concentrations of PFOS, and the 

resistivity ratios were higher than those of PFOA-MIP-PANI; however, some of the 

concentration sets did not perfectly follow this rule. In the meantime, PFOA-MIP-PANI 

experienced the larger response in PFOA-rich solutions, then the responses decreased as the 

concentration of PFOA decreased. Once more, the data did not strictly follow this trend. The 

structural similarity of PFOA and PFOS might result in a minor competitive effect in the 

mixtures as discussed in the selectivity experiment.  

Moreover, the PFOA/PFOS-MIP-PANI hybrid demonstrates a fluctuation in the 

responses of resistivity ratios. The two types of templates might compete together with the 

aniline monomers during polymerization, establishing their specific binding sites coexist in the 

PANI matrix. Because of the stronger interaction of PFOS and PANI at the concentration lower 

than 100 ppt, the resulted hybrid might have a tendency slightly toward PFOS, and the resistivity 

ratios fluctuated up and down until more PFOS was presented in the mixed solutions. Although 

current data and hypotheses do not perfectly support the trends observed in Figure 10, the 

detection efficacy in mixed solutions and the effect of hybrid imprinting are still worth further 

investigations.  
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CHAPTER III  

WIRELESS GAS DETECTION BASED ON MOLECULARLY IMPRINTED POLYANILINE 

 

Introduction 

Molecular Imprinting in Gas Sensing 

Air pollution has been one of the most serious issues of the world since the last decades 

and costs many lives annually. The toxic pollutants in outdoor and indoor environments are 

categorized by a variety of volatile organic compounds (VOCs) like ammonia (NH3) [87-89], 

ethanol [89, 90], toluene [91], and methanol [92-94]. These gases are regulated by the 

Occupational Safety and Health Administration (OSHA), and many operational standards 

particularly for industrial safety have been released. Taking NH3 gas as an example, the 

background level in the atmosphere is below 5 ppb [95], and the maximum exposure tolerance 

for humans is 25 ppm for 8 h and 35 ppm for 10 min [96]. Inhaling overdose of NH3 gas may 

cause acute illnesses to eyes, skin, and lungs. As a result, a sensitive and accurate assay for 

detecting these VOCs is in high demand. 

Conventional methods for detecting gases rely on gas chromatography/mass spectroscopy 

which is expensive and complicated in sampling procedures. Portable gas sensors with high 

sensitivity and a low-cost are commercially available, however, the disadvantages include 

selectivity and limited types of target gases. According to the principle of molecular imprinting, 

this approach offers the potential in synthesizing gas-imprinted polymers with a low-cost, high 

sensitivity, and good selectivity for detecting VOCs [94]. Many gas sensors based on MIPs have 

been reported for detecting multiple VOCs like ammonia [97], toluene/xylene [91], 

formaldehyde [98, 99], and acetonitrile [100]. Another example for ethanol detection by quasi-
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molecularly imprinted SnO2 nanoparticles was also suggested by Tan et al [101]. Compared with 

the molecular imprinting process with target analytes in liquid solutions, the template removal 

process for gas imprinting could be even easier by simply letting the VOCs evaporated on the 

MIP surface through heating or vacuum drying [91]. Although MIP gas sensors might have a 

longer response and recovery time, molecular imprinting gas sensors still possess a good 

sensitivity and stability [92]. 

 

Wireless Radio-frequency Identification Sensors 

Wireless chemical sensors are electronic paired devices that retrieve the signal variation 

upon the exposure to chemicals at one side and transmit signals to another side for analysis as 

schemed in Figure 19 [102]. Numerous wireless and contactless protocols are available for 

chemical sensing nowadays such as Bluetooth, ZigBee, radio-frequency identification (RFID), 

near-field communication (NFC), and short-range device (ISM/SRD860). The features of each 

communication protocol are summarized in Table 6 [102-112]. Among these technologies, RFID 

as one of the common communication protocols has been widely used in sensor applications 

[102, 113]. The advantages of RFID include but would not limit to battery-free antennas, simple 

installation, low-cost, medium transmitting ranges available for both contactless and short-range 

communication, and smartphone capability [102, 114-117]. Particularly, RFID antennas can 

collect and transfer chemical data through nontransparent and sealed packaging, which is an 

outstanding advantage over other optical sensors [114]. For such logistic tracking or quality 

control of food packages, the ultra-high frequency (UHF) band is currently in practical use by 

ISO 18000-6 and EPG GEN2 Standards [103]. The battery-free RFID antennas are powered by 

the antenna reader while measurement, enabling the antennas to be attached in the food packages 
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without external power supplies. Therefore, RFID sensors are excellent candidates for gas 

sensing and monitoring, especially for those sealed and air-tight packages of which gas sampling 

is unrealistic [114, 118, 119]. 

 

 

 

Figure 19 The scheme of the concept of wireless chemical sensors (WCS). Reprinted from 

[102]. 
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Table 6 The features of common wireless communication protocols for chemical sensing. 

Adapted from [102-112]. LF: low frequency; HF: high frequency; UHF: ultra-high 

frequency 

Protocol Mode Power Radio Band Data Rate Range 

Bluetooth Active Battery 2.4 GHz 1 Mbps 10−100 m 

ZigBee Active Battery 
868 MHz, 915 MHz, 

2.4 GHz 

24 Mbps, 

< 250 kbps 
10−100 m 

RFID Passive 
Battery or 

Battery-free 

LF: < 135 kHz; HF: 

13.56 MHz; UHF: 

860−960 MHz 

< 100 kbps 

< 15 m, 

depending on 

frequencies 

NFC Passive 
Battery or 

Battery-free 
13.56 MHz < 424 kbps < 5 cm 

SRD Active Battery 
433 MHz, 863−870 

MHz 
< 200 kbps 50 m−2 km 

Protocol Features 

Bluetooth Massive and real-time data transfer, good indoor range, smartphone available 

ZigBee Very low power, good indoor range, good network capability 

RFID 
Ultra-low power, battery-free, short-range, limited data transfer, e-labeling, and 

smartphone available for HF band 

NFC Ultra-low power, very short range for contactless only, smartphone available 

SRD Very low power, good range but low data rate, good local network 

 

 

In principle, the relationship between the input-output ports is defined as S-parameter, 

Sxy, in an electronic component. The x and y represent the two ports of the component, and the 
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sequence of “xy” means the transmitting direction from Port x to Port y. Sxy represents the power 

ratio of the wave delivered from Port x to Port y [120, 121]. The schematic diagram and 

definition of the S-parameter are demonstrated in Figure 20. Practically speaking, S11 is the most 

widely utilized S-parameter in evaluating how much power or energy is reflected by the antenna 

tag. For its correlation with impedance, the S11 as a function of impedance can be written as 

[118]: 

  

 S11 = logΓ = log(
ZL-Z0

ZL+Z0
)  

 Equation 4 

 

where  is the reflection coefficient calculated by the complex impedance of the load of 

the antenna tag (ZL) and the reference which is the antenna reader (Z0). The larger the absolute 

value of S11 is, the more reflected power is lost by being absorbed by the antenna; therefore, the 

reflection coefficient  is sometimes identified as return loss [122]. By the principle of the 

logarithm, the reflection coefficient is always equal or less than one, and S11 is either zero or 

always negative. As the impedance of the antenna tag increases, the reflection coefficient 

increases, then the S11 parameter increases with the decreased absolute value closer to zero. Note 

that the impedance of the tag can never be lower than the impedance of the reader, otherwise, the 

log-equation would be invalid due to the negative variable. 
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Figure 20 The schematic illustration of the definition of the S-parameter. 

 

 

Materials and Methods 

Materials 

For the gas templates in the synthesis of gas imprinted PANI, ammonium hydroxide 

solution (ACS reagent, 28.0–30.0%) was purchased from Sigma-Aldrich (St. Louis, MO, USA), 

and Koptec 190 Proof ethanol (95%) was purchased from DeconLabs (King of Prussia, PA, 

USA). The polyester film as the printed antenna substrate was obtained from Xerox (Norwalk, 

CT, USA). The curable silver ink for printing the antenna was purchased from NovaCentrix (JS 

ADEV 291, Round Rock, TX, USA). 
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Synthesis of Ammonia and Ethanol Imprinted PANI 

To synthesize ammonia molecularly imprinted PANI (NH3-MIP-PANI), the template in 

the monomer solution as the previous synthetic protocol in Chapter II was replaced with 70 l of 

the ammonium hydroxide solution, followed by adjusting the total volume of the monomer 

solution to 5 ml by adding DI water. NH3-MIP-PANI was then synthesized on paper strips by 

following the same protocol. The resulted NH3-MIP-PANI paper strips were air-dried without 

sonication to let the NH3 templates evaporated from the surface. For making ethanol molecularly 

imprinted PANI (EtOH-MIP-PANI), 62.7 l of 95% ethanol as the template was added to the 

aniline monomer solution, followed by the same procedures and the template removal process 

for NH3-MIP-PANI. The molar ratio of the monomer to the template was 1:1. 

 

Gas Detection by Resistance Measurement 

The NH3-MIP-PANI or EtOH-MIP-PANI paper strips were integrated with copper 

connecting electrodes and silver paste on a stencil substrate as previously mentioned. 

Subsequently, two electric wires were soldered on the copper electrodes to connect the 

multimeter and the sensor in the sealed gas test chamber as shown in Figure 21a. 

The VOCs of NH3 or ethanol gases were introduced into the test chamber by dispensing a 

certain amount of VOC liquid on a small disk in the chamber, and the concentration of the fully 

vaporized gas can be calculated by the following equation: 

 

 
(
V×d×c

M
)

(
Vt

24.45
)

 = 
ng

nt
 = ppm  

  Equation 5 
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V is the volume of the dispensed liquid. d is the density of the liquid. c is the 

concentration of the liquid. M is the molecular weight of the chemical. Vt is the total volume of 

the test chamber calculated by the dimensions in Figure 21b. The value of 24.45 is the volume in 

liters of one mole of air molecules from the ideal gas law. The ratio of ng to nt represents the ratio 

of the number of VOC gas molecules to the number of total gas molecules in the test chamber; 

therefore, the concentration of VOC gas in the chamber can be calculated. Once the VOC sample 

was dispensed and the chamber was sealed, the real-time DC resistance of the MIP-PANI 

electrodes was measured at each incremental time, followed by opening the chamber for 

recovery, and further increasing the gas concentration on the same device. Besides, for the 

experiment detecting ethanol saturated vapor, an excess amount of ethanol solution was added 

into an opened petri dish and stood for 1 h in the test chamber before inserting the sensor. 

Several parameters like t90, t10, and S for evaluating the kinetic response of the electrodes 

to the gas. t90 represents the response time needed to reach 90% of the total response, and t10 

means the recovery time needed to relax back to 10% of the baseline from the peak value [123]. 

The parameter of S is the sensitivity of the sensor, defined as [124, 125]: 

 

 S (sensitivity) = 
∆R

R0
 = 

Rg-R0

R0
  

  Equation 6 

 

where R0 and Rg represent the resistances of the MIP-PANI electrodes before and after 

exposure to VOC gases, respectively. 
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Figure 21 (a) The photographic image of the experimental setting of DC resistance 

measurement for gas sensing. The pop-out figure presents the sensor integrated with two 

electric wires for connecting the probes with the sensor in the sealed test chamber. (b) The 

scheme of the gas test chamber with its dimensional information for calculating the total 

volume. 

 

 

Fabrication of Antenna and Deposition of MIP-PANI 

The antenna was printed on a polyester film by inkjet printing using the Dimatix Material 

Printer 2830 (DMP-2830, Fujifilm Dimatix, Santa Clara, CA, USA) with silver conductive ink. 

The detailed operating parameters can be found in the appendix from the previous publication 

[12]. After the antenna was printed, the silver ink was cured at 110oC for 1 h to achieve optimal 

conductivity. The polymer solution of NH3-MIP-PANI or EtOH-MIP-PANI was prepared by the 

procedures above, and 1 l of the solution was deposited on the opened space on the middle of 

the antenna as shown in Figure 22, followed by being air-dried overnight at 25oC. 
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Figure 22 The instrumental setup of the wireless sensing experiment. The inserted picture 

displays the inkjet-printed antenna on a flexible substrate of a polyester film. Note that the 

excess wires connecting the reader and the vector network analyzer (VNA) were hindered 

in this figure. 

 

 

Gas Detection by Wireless Method 

The experimental setup (Figure 22) of the wireless sensing consists of four major 

components: a vector network analyzer (VNA, DG8SAQ VNWA 3, SDR-Kits, United 

Kingdom), an antenna reader (MT-242025, MTI Wireless Edge, Israel), the printed antenna in 

the gas test chamber, and an absorber (AB7050HF, 3M, Saint Paul, MN, USA) at the end. The 

VNA served as the signal analyzer as well as the power supply for the antenna reader. The rear 

end of the VNA is connected to a laptop for the controlling purpose. Signal pulses were 

generated by the VNA, partially reflected by the antenna, and read by the antenna reader. The 
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absorber was to reduce the environmental interference from the reflection beyond the test 

chamber which might be induced by metal pieces or walls. The distance between the antenna and 

the reader was fixed at 25 cm, and all the accessories were fixed at their initial positions during 

the entire experiment. Unnecessary stuff should be cleared from the chemical hood where the 

experiment would be executed, especially metal parts. 

Figure 23 shows a sample interface of the VNA operating software which directs the 

signal pulses and analyzes the signal returns. Calibration should be carefully done before each 

experiment because the signal responses are sensitive to the experimental setup. The detailed 

calibration procedures of the VNA are demonstrated in Appendix A. The 1,000 data points in 

total were collected in a single signal sweep at a range from 700 to 1,200 MHz of a scan rate of 

100 msec/point. To acquire the wireless signal, after 10 min from the time that the VOC sample 

was dispensed into the test chamber, a single sweep was initiated by the VNA and the S11 

responses as a function of frequency were automatically recorded. When finishing the data 

collection, the chamber was opened and left for 10 min to release the gas. A higher concentration 

of VOC sample liquid was then added into the chamber, and the same procedure was repeated. 

For data processing of the wireless signals, the original signal response presented as the 

reduced reflection coefficient (S11, sample) was subtracted by the response of the blank antenna 

without the deposition of MIP-PANI (S11, blank) to obtain the change in reduced reflection 

coefficient (S11) as illustrated by Equation 7. 

 

 ∆S11 = S11,sample − S11,blank  

  Equation 7 
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 In other words, the processed signals should merely reveal the response from the MIP-

PANI and the exposure of VOCs. At least three multiple sweeps were used to calculate the 

standard deviations and the limit of detection. 

 

 

 

Figure 23 The screenshot of the VNA software including the frequency range and the y axis 

of the S11 parameter with the unit of decibels. 
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Results 

Gas Sensing by DC Resistance Measurement 

The results of real-time measurement of DC resistances of NH3-MIP-PANI and EtOH-

MIP-PANI electrodes in NH3 and ethanol gases are shown in Figure 24. The NIP-PANI served 

as the control for each experiment. For NH3 detection in Figure 24a, NH3-MIP-PANI was more 

responsive to NH3 gas and quickly reached saturation after 10 to 15 min, while NIP-PANI 

needed more than 20 min to reach saturation. The total response of NH3-MIP-PANI was also 

larger than that of NIP-PANI. At 35 min, the chamber was opened, and the resistance dropped. 

The two electrodes both exhibit the recovery behavior; however, none of the resistances 

decreased to the baselines after 25 min of recovery. The recovery also reached saturation, and it 

is unlikely the resistance would keep decreasing afterward. Meanwhile, for ethanol detection, 

both responses of EtOH-MIP-PANI and NIP-PANI reached saturation after 9 min, and the 

profiles show that the recovery ability was better than the recovery in NH3 detection. NIP-PANI 

was less responsive than EtOH-MIP-PANI due to the lower resistance change from the 

beginning to the ultimate point before opening the chamber. 
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Figure 24 The real-time DC resistances of (a) NIP-PANI and NH3-MIP-PANI electrodes 

after exposure to 100 ppm NH3 gas (b) NIP-PANI and EtOH-MIP-PANI electrodes after 

exposure to saturated ethanol vapor (concentration ~ 58,684 ppm). 

 

 

According to the response data in Figure 24, a few parameters for evaluating the real-

time response are summarized in Table 7. NH3-MIP-PANI had a faster response time of 15 min 

than NIP-PANI did of 21 min. Both values of recovery time t10 are not available in NH3 

detection. Moreover, the sensitivity of NH3-MIP-PANI at 15 min is better than that of NIP-PANI 

as calculated by using Equation 6. In addition, for ethanol detection, EtOH-MIP-PANI and NIP-

PANI have similar response time of 9 min; however, the response of NIP-PANI never recovered 

to the time of t10. The recovery time of EtOH-MIP-PANI was 11 min. The sensitivity of EtOH-

MIP-PANI is a little bit better than that of NIP-PANI by a minute difference of 0.02. 
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Table 7 The summary of parameters for evaluating the response of the molecularly 

imprinted gas sensors for NH3 and ethanol detection. n/a: data not available 

NH3 Detection  

Parameters NIP MIP 

t90 21 min 15 min 

t10 n/a n/a 

Rg, 15 min/R0 1.78 1.87 

S15 min 0.78 0.87 

Ethanol Detection  

Parameter NIP MIP 

t90 9 min 9 min 

t10 n/a 11 min 

Rg/R0 1.142 1.162 

S 0.142 0.162 

 

 

 The real-time results of NH3 and ethanol detection with more detailed concentrations are 

shown in Figure 25. Again, NH3-MIP-PANI was unable to sufficiently recover after each 

exposure to NH3; therefore, the baseline gradually increased as the concentration of NH3 

increased. The peak values right before the recovery step are used to construct the calibration 

curve of the linear regression equation of y = 0.1225 + 25.872 and the R2 value of 0.992. The 

linear range was from 25 to 100 ppm. Meanwhile, EtOH-MIP-PANI expresses the better 

recovery capability, leading the baseline increase only to exist at the higher concentrations. The 
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peak values also increased as the concentrations of ethanol increased, resulting in the calibration 

curve with the linear regression equation of y = 0.0001x + 21.7189 and the R2 value of 0.9757. 

The calibration curve has reached saturation from 5,000 ppm to 10,000 ppm. The linear region 

was not prominent according to the few data points and the smaller coefficient of determination. 

 

 

 

Figure 25 The real-time resistance responses and the corresponding linear regression 

curves as a function of VOC gas concentration. (a, c) NH3 detection using the NH3-MIP-

PANI electrode. After exposure to NH3 gas for 35 min, the test chamber was opened for 25 

min for recovery, followed by injecting the higher concentration of NH3. (b, d) Ethanol 
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detection by using the EtOH-MIP-PANI electrode. The exposure and recovery time was 10 

min. The data points in the calibration curves were obtained from the peak values in the 

real-time responses. 

 

 

Wireless Gas Sensing 

The wireless sensing profiles of NH3 gas detection and the calibration curve are shown in 

Figure 26. Although the figure demonstrates multiple noisy profiles, certain trends in NH3 

concentrations can still be observed at some of the frequencies such as 982 MHz. The difference 

in S11 as a function of NH3 concentrations was analyzed in Figure 26b, giving the linear 

regression equation of y = 0.0812x + 0.9227 with the linear range from 25 to 100 ppm of NH3 

and the R2 value of 0.978. For all the partial wireless data in this section, their full-spectrum data 

of the wireless sensing can be found in Appendix B.  

 

 

 

Figure 26 (a) The wireless response of  S11 of the printed antenna with NH3-MIP-PANI 

upon exposure to NH3 gas. The red arrow points out the peak at 982 MHz (b) The 
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calibration curve calculated from the S11 values at 982 MHz by using a linear regression 

model. 

 

 

 For ethanol gas detection, the wireless data in a selected range is demonstrated in Figure 

27a. Profiles including few peaks with trends in NH3 concentrations also present in the data, 

from which the peak at around 949 MHz was selected to build the calibration curve as shown in 

Figure 27b. The calibration curve has a linear range from 500 to 10,000 ppm of ethanol 

concentrations and a linear regression equation of y = 0.001x + 0.4914. The coefficient of 

determination of the calibration curve is 0.9849. 

 

 

 

Figure 27 (a) The S11-frequency data of ethanol gas detection. The red arrow indicates the 

peak being analyzed by linear regression.  (b) The calibration curve of S11 as a function of 

ethanol concentration at 949 MHz. 
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 For the NH3 at lower concentrations of the ppb level, an additional experiment of 

wireless sensing was performed, and the results can be found in Figure 28. In Figure 28a, the 

signals from 0 to 10 ppm seem to have an increasing trend in the plateau region from 905 to 920 

MHz indicated by the red arrow. Although some of the concentrations might be exceptions from 

this trend, the overall tendency of increasing S11 can be found. A certain peak with the large 

S11 response and a trend in concentrations is identified in Figure 28b at the frequency of 974 

MHz. The corresponding calibration curve is demonstrated in Figure 29 with a linear regression 

region ranges from 500 ppb to 2.5 ppm, followed by a saturation beyond 5 ppm. The fitted curve 

has the linear equation of y = 2.3455x + 0.0032, and the value of R2 is 0.98. 

 

 

 

Figure 28 The S11-frequency data of NH3 gas detection at the range of (a) 890 to 920 MHz 

(b) 970 to 990 MHz. The two figures share the same figure caption as shown in part (a). 

Arrows indicate the region and peak of interest with a correlation of S11 with the 

concentration of NH3 gas. 
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Figure 29 The calibration curves at 974 MHz calculated from the wireless data as shown in 

Figure 28b. (a) The full set of the data points from 0 to 100 ppm of NH3 gas. (b) the 

calibration curve plotted by the partial wireless data from 0 to 10 ppm (10,000 ppb) as the 

blue shade in part a. The red line denotes the linear regression line from 0 to 2.5 ppm. 

  

 

Another experiment to investigate the calibration curve was performed, and the average 

profiles from three repeating wireless measurements of each concentration are shown in Figure 

30. Figure 30b and Figure 30c are the enlarged figures showing the peak of interests at 882.7 

MHz where the correlation between S11 and NH3 concentration can be found. The calibration 

curve of S11 response as a function of NH3 concentration is shown in Figure 31. The linear 

regression equation of the curve in Figure 31c is y = 0.0013x + 15.0143 with the R2 value of 

0.9468. The calibration curve reaches a saturation beyond 2.5 ppm. The linear range is from 250 

ppb to 1 ppm. From the standard deviation of the blank sample (NH3-MIP-PANI exposed to 

ambient air) and the slope of the linear regression line, the limit of detection for NH3 gas is 

estimated to be 122 ppb by using Equation 3.  
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Figure 30 The S11-frequency diagrams of NH3 gas detection. (a) The diagram from 870 to 

1,000 MHz with a red arrow suggesting the characteristic peak being analyzed.  (b, c) The 

enlarged figures of different magnification from part a. The peak locates at around 882.7 

MHz. All the figures use the same notation of NH3 concentrations with different colors of 

the profiles. 

 



 

75 

 

 

Figure 31 (a) The calibration curve calculated from Figure 30c. (b) The calibration curve 

plotted by selecting the partial data from 0 to 10 ppm. (c) The partial calibration curve 

selected by the range of 0 to 1,000 ppb (1 ppm). The standard errors were collected from at 

least three repeating sweeps provided by the VNA. 

 

 

Discussion 

Passive wireless sensing using RFID provides a promising way to detect and monitor 

environmental gases on a large scale. Antenna tags can be placed in the locations of interest to 

collect more comprehensive data from multiple sites and monitor the in-situ concentration by 

wireless sensing. Wireless sensing is also critical in monitoring the substances in sealed packages 
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because sampling of the internal gas is not feasible. The antenna tag we developed does not need 

a battery to operate, and the power to drive the battery-free antenna comes from an external 

power supply of the VNA. The antenna can be placed in a sealed package, just as we put the 

antenna in the test chamber. By analyzing the signal gain/loss between the antenna tag and the 

antenna reader, the reduced reflection coefficient, S11, correlating with the gas concentration can 

be analyzed to build the calibration curve and identify the linear detecting range as well as the 

limit of detection.  

MIPs have been demonstrated to be excellent sensing elements for fabricating chemical 

sensors. To promote the potentials of environmental sensing in different ways, the second part of 

this dissertation study focuses on wireless sensing using MIPs. This platform of MIP-PANI was 

then firstly evaluated by the same method of DC resistance measurement to validate the efficacy 

in detecting VOCs like NH3 or ethanol. Rather than being contacted with the sample solution in 

PFOA/PFOS experiments, the paper sensor was exposed to the target gas distributed in the entire 

test chamber in gas experiments. Also, most realistic situations are open systems where gases can 

flow freely in a certain space and cause localized concentrations. On the other hand, the 

homogeneity of dissolved analytes in a sample solution usually has not much spatial variation 

and fluidity as a gas phase. Therefore, the measurement of dynamic response and recovery time 

is crucial. According to the results in Figure 24 and Table 1, MIP-PANI has the better response 

time and sensitivity to its target gases of NH3 and ethanol, suggesting that this molecular 

imprinting platform is also applicable to gaseous analytes by using liquid templates. Because the 

dynamic response of NH3-MIP-PANI is significantly faster than that of NIP-PANI, the responses 

at the time of 15 min were used to calculate the sensitivity. The limited recovery ability in NH3 

detection might result from the irreversible absorption of NH3 molecules on the PANI, in which 
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NH3 acted as a dopant and changed the doping level of PANI. On the other hand, for ethanol 

detection, since ethanol cannot serve as a dopant to PANI, the absorption of ethanol on the 

surface of PANI was reversible, making the recovery time measurable in the dynamic response 

profile. Despite the results that both the control and NH3-MIP-PANI never recovered to the 

baseline, the recovery ability of NH3-MIP-PANI was still better.  

The better linear regression of NH3-MIP-PANI compared with EtOH-MIP-PANI might 

be benefited from the better affinity of NH3 gas and PANI due to the doping ability as discussed 

above. Even the testing concentrations of ethanol were much higher than that of NH3, the 

calibration curve of EtOH-MIP-PANI was not very promising, indicating that the molecular 

imprinting process for ethanol imprinting needs to be further improved in the future. For the 

wireless sensing of ethanol, the R2 value and the linear range were a bit larger than which in the 

wired sensing, suggesting the wireless setup might be better for ethanol sensing using EtOH-

MIP-PANI. Nevertheless, the lack of specific intermolecular interaction between ethanol and 

PANI molecules makes molecular imprinting not very effective in this case. Incorporating with 

other responsive aptamers may be the option to improve the ethanol-imprinting strategy. 

 For NH3 wireless sensing, through multiple measurements among concentrations from 

250 ppb to 100 ppm, the characteristic peaks with trends of concentrations were identified at 

around 970 to 980 MHz and around 883 MHz. According to Figure 34 in Appendix A, NH3-

MIP-PANI contributes to the signal variation at around 900 MHz and from 950 to 1,000 MHz, 

which means that the two regions should be the characteristic signals of interest for MIP-PANI 

electrodes. In other words, for wireless sensing, one should focus on the peaks and trends around 

these frequencies and calculate the calibration curves. Because the wireless signals are easy to be 

affected by many environmental parameters and experimental setups like the presence of metal 
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parts and liquids in front of the antenna reader. The relative positions of the antenna tag and each 

accessory also influence the signal response [126]. The surrounding materials and air media may 

either absorb or reflect the signal, causing the change of signal response and different S11. It is 

difficult to exclude all the interference among each experiment, so the characteristic peak with 

trends may happen at the different frequencies with minor shifts. However, the reactive 

frequencies should remain identical in general. Of course, more experiments and data are needed 

to acquire a more detailed picture of the wireless profiles with specific peaks and frequencies. 

The reproducibility of wireless sensing is yet to be further improved. Replacing by a more 

powerful power supply and VNA might also be helpful with improving the stability and signal-

to-noise ratios. 

The group of profiles from 905 to 920 MHz also presented a trend of NH3 concentrations 

from 250 ppb to 10 ppm, but the variation was not significant. The plateau-like region may serve 

as another characteristic information of PANI since Figure 34 also shows similar profiles. 

Together with the two characteristic regions as previously discussed, these flat lines might be the 

third informational region, but it only includes limited information of the concentration trend. 

Based on the wireless results in Figure 28 and Figure 30, the NH3-MIP-PANI paper sensor 

seemed to be more sensitive at concentrations lower than 10 ppm, but the sensor would quickly 

reach saturation according to the calibration curves. The linear range could be improved to adapt 

the larger applicable detection range for practical use. More detailed studies on the characteristic 

regions are desired as well. 

As mentioned above, the S11 represents the reduced reflection coefficient. Based on the 

principle, a positive value of S11 means that the reduced reflection coefficient of the sample has 

its absolute value smaller than which of the blank (an antenna without PANI deposition). Note 



 

79 

 

that S11 is always negative unless there is no return loss of the signals. That is to say, the antenna 

of the blank absorbed more power than the sample did, or the antenna of the sample reflected 

more power to the antenna reader. This explanation is based on the principled definition of S-

parameters. As stated in Equation 4, the S11 can be calculated by using the complex impedance 

of the antenna tag and the antenna reader. When the NH3-MIP-PANI electrode absorbed NH3 

gas, the doping level of PANI changed to the state which is more favorable to the undoped form 

of emeraldine base as shown in Figure 18, causing the increase in the impedance and the 

decrease in the S11 of the antenna tag. By principle, the doping level decreases as the NH3 

concentration increases; as a result, we can see the larger S11 in those peaks of interest we have 

previously identified. 

In future work, the selectivity to NH3 gas among multiple gases such as nitrogen oxides 

(NOx) and hydrogen sulfide (H2S) as interferences in the test chamber should be investigated to 

verify the specific recognition provided by the molecularly imprinted structure. Mixed gas 

samples can be purged into the test chamber for measuring the wireless signal response in the 

presence of interference gases to simulate the more practical situations of air pollution or a 

contaminated indoor environment. Furthermore, the potential in multiplexing sensing of multiple 

gases on a single antenna tag could be evaluated as well. Possible approaches may involve the 

integration of different types of molecularly imprinted polymer electrodes on a single antenna 

tag and the analysis of wireless signals from exposure to samples with multiple target gases.  



 

80 

 

CHAPTER IV  

FURTHER APPLICATIONS OF MOLECULARLY IMPRINTED POLYANILINE 

 

Introduction 

Virus Detection and Molecular Imprinting 

In addition to chemical compounds, biomolecules or even larger microorganisms can be 

the templates for molecular imprinting. The synthesis protocol for the virus imprinting would be 

analogous to the molecular imprinting process for small chemicals, in which templates were 

replaced by virus samples. The virus template was then removed from the polymer matrix after 

polymerization, leaving cavities for recognizing the specific virus. A schematic diagram of virus-

imprinted polymers with cavities for recognizing the H5N1 influenza virus as an example can be 

found in Figure 32 [26]. 

 

 

 

Figure 32 The schematic example of virus-imprinted polymers. As the typical molecular 

imprinting process, the virus was co-polymerized and removed from the matrix, leaving 
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cavities for recognizing the H5N1 virus as shown in the scheme. The probe mentioned here 

in this study was to inhibit the binding with the MIP matrix. Reprinted from [26]. 

 

 

The natural recognition systems like antibodies provide exceptionally sensitive and 

selective properties; however, they are costly and vulnerable to a harsh environment, and the 

stability in vitro remains a question that limits the practical application. Therefore, the use of 

MIPs is to overcome these disadvantages from the intrinsic properties of natural antibodies by 

the synthetic matrix with a more stable, chemo-resistive, and low-cost surface [32]. A variety 

type of viruses such as H5N1 influenza [26, 127], human immunodeficiency virus (HIV) [128, 

129], poliovirus [129], coronavirus [130, 131], and Zika virus [132] have been molecularly 

imprinted in various polymer matrices. Moreover, because of the relatively considerable size of 

viruses compared with small chemical compounds, the theoretical cavities in virus-imprinted 

polymers may be visualized by surface morphology images of high-resolution field-emission 

scanning electron microscopy [133] or by atomic force microscopy that produce morphological 

as well as cross-sectional topology images [134, 135]. 

As a genus belonging to the family of Retroviridae, lentiviruses, or lentiviral vectors, are 

a type of RNA viruses containing reverse transcriptase enzyme to deploy the gene of interest to 

the host cells. The typical example of lentivirus is HIV. Lentiviruses possess the capability of 

carrying genes up to 8 kb and the genome transducing capacity enables long-term gene 

expression on the hosts, which is crucial for gene therapies [136, 137]. Some luminescence 

compounds like green fluorescence proteins can be added to lentiviruses for labeling purposes 

[138]. As the virus model for molecular imprinting in this study, the green fluorescent protein 

(GFP)-labeled lentivirus was used as the template. 
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The MIP-PANI platform developed in the previous chapters had been applied in other 

analytes like glucose [12, 14], and it is expected to further adapt biomolecules like proteins or 

viruses. Protein imprinting on PANI using the C-reactive protein is under development by our 

group, and the results are being wrapped up for forthcoming publications. For the virus 

detection, we cooperate with Dr. Dung-Fang Lee’s group from the University of Texas Health 

Science Center at Houston, and lentivirus samples were gratefully provided by them. The 

lentivirus was imprinted in the PANI matrix just as the procedures in the previous chapters of 

PFC and gas imprinting. While this study of virus imprinting is proceeding at its developmental 

stage, the results of calibration curves suggest a promising potential in virus sensing application 

by using virus molecularly imprinted PANI. 

 

Materials and Methods 

Materials 

The sample vials of GFP-labeled lentivirus were kindly provided by Dr. Dung-Fang 

Lee’s research group from the Department of Integrative Biology and Pharmacology in the 

University of Texas Health Science Center at Houston. The virus concentration of the vials from 

a particular batch was estimated to be 2.2  105 TU/ml if transducing to cancer cells. The unit of 

TU/ml represents the number of cells transduced by the virus per ml [139]. The lentivirus was 

stored at 4oC in a stock solution of Dulbecco’s Modified Eagle Medium (DMEM) with 10% of 

fetal bovine serum (FBS). Phosphate-buffer saline (PBS) for adjusting the virus concentration 

was diluted from the PBS stock solution (10X concentration) purchased from Sigma-Aldrich (St. 

Louis, MO, USA). 
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Synthesis of Lentivirus-Imprinted PANI 

The synthesis of lentivirus-imprinted PANI followed the same protocol for PFOA-MIP-

PANI and PFOS-MIP-PANI in Chapter II. First, 0.5 ml of the virus stock solution as the 

template was added to the monomer solution, followed by adding DI water to adjust the total 

volume to 5 ml. The following steps of addition of the oxidant solution, polymerization, and 

template removal remained the same. The final virus concentration in the polymer solution was 

1.1104 TU/ml. The resulted lentivirus molecularly imprinted PANI (Virus-MIP-PANI) paper 

strips were air-dried at ambient temperature overnight. 

 

Lentivirus Detection and Resistance Measurement 

The fabrication process of the Virus-MIP-PANI paper sensor was the same as the process 

in Chapter II. For lentivirus detection, virus samples were prepared by diluting the stock solution 

with PBS. Four different concentrations of 5.5104 TU/ml, 1.1105 TU/ml, 1.65105 TU/ml, and 

2.2105 TU/ml were prepared, and PBS served as the control of zero concentration. As 

previously mentioned, a 30-l aliquot of the virus sample was dispensed on the Virus-MIP-PANI 

electrode, followed by reacting for 30 min. Then, the droplet was removed by a pipette, and the 

surface was air-dried at ambient temperature. The resistance of the Virus-MIP-PANI electrode 

was measured in a DC mode of the multimeter after the drying time of 30 min and 24 h. The 30-

min is the time required for the remaining liquid on the electrode to be just air-dried without a 

visible pattern. 
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Results 

Lentivirus Detection 

The normalized resistivity ratios of the Virus-MIP-PANI electrodes upon exposure to 

lentivirus were calculated by Equation 1 as well as Equation 2 and plotted as shown in Figure 33. 

For the virus-imprinted electrodes, the resistivity ratios after 30 min of drying had a significant 

difference from the control electrode of NIP-PANI as well as the Virus-MIP-PANI electrode 

after 24 h of drying. The calibration curve of Virus-MIP-PANI had a transition in its slope at the 

concentration of 1.1105 TU/ml. The slope increases beyond that concentration, and the data in 

that region was used to analyze the linear regression line presented in Figure 33. The linear range 

is from 1.1105 to 2.2105 TU/ml, and the regression equation is y = 0.000015432x – 0.2667 

with R2 value of 0.999. Figure 33b shows the enlarged figure of Figure 33a. After 24 h of drying, 

only the Virus-MIP-PANI electrode exposed to the largest concentration of lentivirus had the 

statistical difference from the control. The resistivity ratios of the Virus-MIP-PANI electrode 

also dropped when the drying time was prolonged. 
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Figure 33 (a) The resistivity ratios and the calibration curves of NIP-PANI and Virus-MIP-

PANI electrodes after different time of drying. The red line is the linear regression line 

calculated from the data between 1.1105 to 2.2105 TU/ml. (b) The enlarged figure 

focusing on the control groups of NIP-PANI in part a. 

 

 

Discussion 

The virus stock solution was diluted with PBS, while the solvent for the stock solution is 

DMEM/FBS mixture. The first concern is that whether the DMEM and FBS in the sample 

solution would affect the signal response or not, especially for the response of Virus-MIP-PANI. 

Based on Figure 33, since the NIP-PANI did not experience significant responses even for the 

highest concentration of 2.2105 TU/ml, the responses must be contributed by the virus itself, 

and the presence of DMEM and FBS in the solution did not significantly affect the signals. 

For Virus-MIP-PANI, the decrease in resistivity ratios after 24 h of drying might result 

from the denatured virus particles on the surface. After the last remaining medium was 

evaporated, the dried surface was critical for the virus to survive, leading to the denaturation of 

the virus and the reduced reactivity with Virus-MIP-PANI. In other words, this Virus-MIP-PANI 
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sensor had the maximum sensitivity after the surface was just air-dried because the viability of 

the virus particles dropped afterward. 

The Virus-MIP-PANI electrode had a larger change in resistivity ratios than the previous 

studies for PFOA and PFOS. Why the affinity of the virus with PANI is seemly better is still yet 

to be determined by more repeating tests and surface characterization to find out the active 

functional groups. In addition, the strongly acidic environment in the monomer solution remains 

the typical concern of imprinting biomolecules into the polymer matrix. The viability and 

functionality of the virus in the monomer solution are also yet to be evaluated to prove the viral 

compatibility of the synthetic process. Using an analogue or derivative of the target analyte is 

feasible in molecular imprinting if the target analyte is not applicable in the monomer solution. 

For example, we used ammonium hydroxide solution and ethanol solvent as the templates for 

synthesizing the MIP-PANI sensor for gas sensing. Another example that we have cited before is 

the use of the TNT analogue for fabricating the MIP targeting TNT molecules [17]. Even if the 

viability of the virus is diminished by the strong acid, the virus could still be imprinted in the 

PANI matrix so long as the active functional groups or the geometric structure of the virus 

remain intact. This would need the further characterization of the polymer solution. 

The future work includes the use of airborne virus samples for evaluating the practical 

application of detecting virus concentrations in the air, especially that the detection of airborne 

viruses has become the most popular topic due to the pandemic of coronavirus disease 2019 

(COVID-19). The virus particle concentrations reported in the literature range from 2.9105 to 

1.2106 particle/m3 [140]. Theoretically, the particle concentration would be larger than the 

transduced concentration; however, the different culture media and the unknown correlation 

factor between the number of virus particles and the transduction units make the direct 
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comparison very difficult. Other units such as colony-forming unit (CFU)/ml [141] and median 

tissue culture infectious dose (TCID50)/ml [142] have been reported as well. The use of units 

should be carefully reviewed before any conclusion can be deployed. In summary, by combining 

the MIP-PANI and the wireless assay, the device provides the potential for detecting virus 

aerosols and alerting people if the virus concentration in the residential environment exceeds the 

infectious threshold. 
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CHAPTER V  

CONCLUSIONS 

 

In this dissertation, we have developed a platform of MIP-PANI paper sensors for 

detecting different target analytes including PFCs, NH3 gas, ethanol gas, and lentivirus. 

Molecular imprinting as a synthetic approach fabricates the polymer matrix with the capability of 

being imprinted by various types of templates. Artificial antibodies with recognition sites 

complementary to the target analytes are stable, low-cost, and with good processibility compared 

with natural antibodies and proteins that are vulnerable to harsh conditions and easy to denature. 

An overview of the history of molecular imprinting, the principles of synthesis, and the state-of-

the-art applications has been elaborated in the introduction part. Then MIP-PANI paper sensors 

of two types of detection methods of DC resistivity measurement and wireless sensing have been 

fabricated and investigated in detail. 

PFCs are aliphatic acids on which all hydrogen atoms are substituted by fluorine atoms. 

The series of PFCs are considered carcinogens and water pollutants, and USEPA has released 

guidelines listing the legal tolerance in drinking water, especially for PFOA and PFOS. The 

PFC-MIP-PANI paper sensor has been developed with its low-cost compared with conventional 

assays like LC/MS that are expensive and complex. We synthesized an MIP-PANI electrode on 

paper in the presence of PFOA or PFOS as the template and integrated it into a flexible 

electronic paper sensor. The sensor responses based on resistivity ratios were measured and 

calculated to construct the calibration curves of PFOA and PFOS with the linear ranges from 1 to 

200 ppt and with the limits of detection of a ppt level at around 20 ppt or below. By the surface 

characterization of the MIP-PANI electrode using ATR-FTIR and XPS, the molecular imprinting 
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process can be visualized on the spectra step-by-step. The detecting mechanism of the transition 

from emeraldine salts to emeraldine bases associated with the exposure to PFCs was discussed 

according to the spectroscopy evidence. The investigation on ATR-FTIR and XPS N1S spectra 

also suggested that the potential binding sites located at quinonoid rings and nitrogen atoms in 

the PANI matrix. The selectivity tests among the analogous PFCs with shorter alkyl groups or 

different functional acids showed the good selectivity of the MIP-PANI paper sensor to its 

designated target molecule of PFOA or PFOS. Comprehensive tests of detecting PFOA or PFOS 

in their mixture solutions and by using a PFOA/PFOS-hybrid imprinted PANI were performed to 

evaluate the potential competitive effect as presented in the 3D diagram. In summary, these 

PFOA-MIP-PANI and PFOS-MIP-PANI paper sensors provide an attractive and alternative way 

of detecting PFCs in aqueous samples without employing conventional expensive methods. 

To expand the potentials of our platform of MIP-PANI, the MIP-PANI paper sensor 

specially designed for wireless gas sensing was proposed and fabricated. This wireless sensor 

utilized the RFID communication protocol at a UHF band. In the first place, NH3-MIP-PANI and 

EtOH-MIP-PANI paper sensors for gas sensing were evaluated by DC resistance measurement, 

and the results showed the better performance of MIP-PANI against NIP-PANI for both gases. 

Although the wireless sensing for ethanol detection was not very promising, three potential 

characteristic frequencies of around 970 to 980 MHz, 902 to 920 MHz, and around 883 MHz 

have been identified by the trends in NH3 concentrations. The calibration curve suggested the 

possible limit of detection to be 122 ppb. Even though the linear detecting range and the stability 

of the signal response are yet to be improved, the NH3-MIP-PANI paper sensor integrated with 

the antenna tag is still a promising candidate for applications in environmental monitoring or 

quality control of sealed food packaging. Further studies of using a mixture gas sample of the 
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target gas and interferences could be performed to prove the selectivity of the gas-imprinted 

polyaniline sensor. Multiplexing sensing of VOCs on a single device may be possible by 

redesigning the antenna tag and integrating with multiple types of MIPs. 

In addition to detecting aqueous and gaseous chemicals, PANI had been directly 

imprinted by GFP-lentiviruses and integrated into the Virus-MIP-PANI paper sensor. The DC 

resistivity ratios after exposure to lentivirus samples increased significantly right after the 

electrode was just air-dried after 60 min of sample dispensing than the electrode after 24 h of 

drying, suggesting the denaturation of virus particles on the surface as the sensing element 

resulted from the lack of culture medium. The resistivity response of the Virus-MIP-PANI 

electrode was much higher than that of the NIP-PANI control, indicating better detection 

efficacy. This preliminary study on virus-imprinting further broadens the possible applications of 

our MIP-PANI platform in biomedical sensing. 

Several challenges remain in the MIP-PANI paper sensor. For example, the selectivity 

among other similar analytes and common interferences coexisting in the real samples needs to 

be improved and investigated. In conjunction with the selectivity, the sensitivity of the PFC-

MIP-PANI paper sensor could be enhanced to identify the types of PFCs at extremely low 

concentrations. In addition, the synthesis protocol could be further optimized to fabricate the 

more stable MIP-PANI deposited on a paper substrate which can reduce the cost and provide 

better sensitivity. The 3D diagrams in this study would need more experiments and data to 

analyze the thorough competitive effects and distinguish the individual concentration of PFOA 

or PFOS in the sample solution. For wireless sensing, upgrading with the more powerful VNA as 

well as reader and optimizing the experimental setup could be helpful to improve the 

reproducibility of the peak frequencies. The response and recovery time of the gas sensor should 
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be shortened for practical uses and competing with the commercial gas sensors. Lastly, the 

potential denaturation of viruses and their viability during the co-polymerization step should be 

validated by spectroscopy or other biological viability assays to verify the effectiveness of 

molecular imprinting for microorganisms. Studies based on aerosol-based viral samples could be 

tested combining with wireless sensing for detecting infectious pathogens in the air. Other 

applicable investigations include discovering the active functional groups contributing to the 

interaction between viruses and the polymer matrix. 

In conclusion, molecular imprinting technology offers a promising approach to generate 

synthetic antibodies with the capability of recognizing their designated target. The simple 

fabrication process, the long-term stability of the sensing element, and the advanced sensitivity 

of the molecularly imprinted paper-based sensor provide the potential for low-cost sensing and 

large-scale monitoring of PFCs in wastewater, ammonia gas in the surrounding air, or virus 

particles in aqueous buffers, addressing related public health and occupational issues, especially 

for those underserved communities. 
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APPENDIX A 

THE OPERATING PROCEDURE OF SDR-KITS DG8SAQ VECTOR NETWORK 

ANALYZER (VNWA 3) 

 

Operating Procedures: 

Software Setting 

1. Connect the USB power cable to the VNA and the laptop. 

2. Open VNWA software. 

3. Select Options – Setup – Rescan the USB Bus – Test the USB Interfaces.  

The message “Tests passed without errors” should emerge at the bottom column after the 

successful connection. 

4. Select Audio Settings – Press Auto-setup Audio Devices – Select 48000 Hz – Press OK to 

setup. 

5. If the error regarding microphone settings emerged, select the USB from the Device 

Manager to change the properties of audio input – Select 48000 Hz. 

6. Select Audio Level – Select Reflect Mode by switching the icon at the bottom-left – 

Connect TX port to RX port with the short coax cable accompanied in the package. 

The sinusoidal wave of the Right should disappear, then stop the audio test. 

7. The Instrument Setting and Misc. Settings should remain the default settings. 

Calibration 

1. Set the frequency range from 700 to 1,200 MHz. 

2. Select Settings – Sweep – Set 1,000 data points and the scan rate of 100 msec per point. 
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3. Select Settings – Calibration Kits – Use Arbitrary Model with Amphenol Connex SMA 

Male Kit. 

The reference figures of the calibration standard ports should reveal, and one can check if 

the picture matches with the calibration standards in hands. 

4. Fix the VNA on the table. It should not be moved anymore during the entire experiment 

after the calibration. 

5. Select Measure – Calibrate 

Six buttons with red lights will present. 

6. Click from the first button of Short to Open, Load, Thru Cal, and Thru Match Cal. 

Neglect the option of Crosstalk Cal. 

7. Follow the schematic instruction to install the corresponding calibration standard port. 

The finished step should reveal as green lights. 

8. Save the calibration file for future reference. The calibration should be done before each 

experiment. 

Measurement 

1. Select S11 mode 

2. Make a single sweep and wait for the frequency scan to be completed. 

3. Select File – Export Data – Select S2P – dB Phase. 

4. Save the result in the destination folder. 
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Four different experimental settings were tested for validating the calibration and the 

signal sources: the VNA without any connection, the VNA connected with the antenna reader 

but no antenna in the test chamber, the antenna without deposition of MIP-PANI, and the 

antenna with an NH3-MIP-PANI electrode. Since the calibration procedure is based on the VNA 

itself without attaching to the antenna reader, the flat maroon line of the VNA-only response in 

Figure 34 suggests that the calibration step was successful. Attaching the antenna reader 

generates the S11 response, and the presence of the antenna tag did not affect the profile, 

indicating that the two separated parts of the antenna need to be electronically connected to work 

appropriately. The deposition of NH3-MIP-PANI on the opening space of the antenna resulted in 

the signal variation in the S11 parameter, indicating that only the presence of NH3-MIP-PANI 

contributed to the signal variation. Therefore, the systematic errors from the antenna and the 

reader themselves can be excluded by subtracting the sample’s S11 value to the blank, and the 

signal variation is merely attributed to the response of NH3-MIP-PANI upon exposure to the 

reference air or the target gas. 
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Figure 34 The S11-frequency diagram of signals from four different experimental setups for 

quality control of the instrumental calibration as well as the signal sources. 
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APPENDIX B 

THE FULL-SPECTRUM DATA OF WIRELESS SENSING 

  

Each sweep generated by the VNA has a frequency range from 700 to 1,200 MHz. The 

figures with full-spectrum data associated with their corresponding figures in the main context 

are listed here. The associated figure is mentioned in the following figure captions. 

 

 

 

Figure 35 The full-spectrum S11-frequency diagram associated with Figure 26. 
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Figure 36 The full-spectrum S11-frequency diagram associated with Figure 27. 
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Figure 37 The full-spectrum S11-frequency diagram associated with Figure 28. 
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Figure 38 The full-spectrum S11-frequency diagram associated with Figure 30. 


