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Abstract

Hypothyroidism and hyperthyroidism are one of the most frequently observed endocrine disorders in the world. Failure to
undergo timely diagnosis and treatment often results in life-threatening events such as arrythmia, hypertension, and cardiac
arrest to name a few. Considering the various limitations of conventional diagnostic strategies, early, accurate, and efficient
diagnoses of these disorders are pivotal for their timely management. In the present work, a molecularly imprinted polymer
(MIP)-based sensor is developed for the detection of thyroxine (T,)—the key biomarker. This has been achieved by templat-
ing T, into polyaniline matrix supported on indium tin oxide-coated glass electrodes. The chemical synthesis of polyaniline
was done through oxidative polymerization and optimized using response surface methodology. The optimum condition
for ultrasonication-based extraction of T, from polyaniline matrix was 15 min at 30 °C with 75 mM NaOH. The imprinting
factor was found to be 1.98. The developed MIP-based sensor was characterized using chromatographic, spectroscopic, and
electrochemical techniques. The sensor calibration was obtained within T, concentration range of 5-50 pg mL~!, with a
calculated limit of detection of 6.16 pg mL ™. Repeatability studies show a relative standard deviation of 2.45%. Recovery
from saliva was found to be between 96 and 115.2%. The developed MIP-based electroanalytical sensor was found to exhibit
a high degree of selectivity against various interferants and thereby possessing huge prospects toward futuristic point-of-
care applications.
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1 Introduction

Due to increasing sedentary lifestyle, majority of people
around the world underestimate the biological changes
happening in the body. These changes are often related
to hormonal imbalance which further translates into life-
threatening events. There are reports of sudden deaths
in young population globally which could be correlated
to minor fluctuations in the levels of hormones. These
changes lead to serious metabolic events in the body,
which can eventually result in chronic ailments. One of
the major contributors of hormonal fluctuations in human
body is thyroid gland which produces metabolic hormones
such as thyroxine and liothyronine [1, 2]. Among these,
thyroxine (T,) is highly crucial which is secreted into the
bloodstream from the thyroid gland, which influences
metabolism, oxygen synthesis, and protein synthesis [3].
The concentration of T, in serum generally varies within
8—18 pg mL~! [4], and any abnormal deviation leads to a
multitude of life-threatening events such as hypertension,
arrythmia, and acute myocardial infarction to name a few.
Furthermore, the regulation of T, is strongly associated
with cognitive health, since undesired fluctuations result
in depression which is eventually leads to deterioration
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of physical well-being [5, 6]. Therefore, timely detection
of T, in bodily fluids is the need-of-hour in order to avert
serious health complications and associated comorbidities.

The current diagnostic methods for the identification
of T, include chromatography [7], mass spectroscopy [8],
and immunological analysis [9]. However, these techniques
are time consuming, costly, and require bulky benchtop
equipment and skilled manpower for their operation. Such
impediments often result in delayed diagnosis and treatment
and can lead to debilitating outcomes. Therefore, there is a
requirement for the development of next-generation diag-
nostic platforms for early and efficient detection of thyroid
disorder, as a function of T, concentrations.

In recent years, there has been increasing interest in elec-
trochemical biosensing techniques as they are cost-effective,
efficient, provide rapid response, and easy to translate toward
connected health applications [10, 11]. Out of the commonly
employed various electroanalytical techniques (enzymatic,
immunosensing, genosensing, MIPs), MIP-based techniques
overweigh others due to their high selectivity, long-term
stability, and chemical inertness [12]. Several studies have
shown the applicability of molecularly imprinted polymers
for electrochemical estimation of biological compounds
including dopamine, phenylalanine, etc. [13—15].
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MIPs are known as synthetic receptors and they have
shown usefulness in the field of environmental remediation,
biotechnological processes, extraction process, and as sens-
ing materials [6, 12, 16-18].

From the biosensing viewpoint, molecular imprinting
results in the formation of analyte-specific binding sites
which are highly stable and resistant to harsh temperatures as
well as acidic/basic conditions [19]. MIP-based techniques
have been successful in selective quantification of specific
compounds present in biological matrices. The high degree
of selectivity and sensitivity of MIP technology has been
used by several researchers for quantification of biomarkers
for diabetes, hypertension, infectious diseases, etc. [20-23].
However, the application of MIPs for T, detection is least
explored. Polyaniline (PANI) is one of the most commonly
used conducting polymer due to its conductive properties,
fast response and better sensitivity. It has been previously
used for the determination of several biological molecules
of human body [24].

We endeavored the fabrication of imprinted polyaniline
film on indium tin oxide (ITO) electrode for the electrochem-
ical determination of thyroxine. This study will enhance the
development of point-of-care diagnosis of thyroxine and
hence would increase the patient compliance.

2 Materials and methods
2.1 Materials and reagents

Thyroxine (levothyroxine) was procured from Macleods
Pharmaceuticals Limited, India. Liothyronine was purchased
from Merck (Darmstadt, Germany). Aniline and ammonium
persulfate were purchased from Rankem and Loba Chemie
Pvt. Ltd. respectively. High-performance liquid chromatog-
raphy (HPLC) grade methanol was procured from Rankem
(India). Phosphate buffer solution (PBS, pH3) was pre-
pared with potassium dihydrogen phosphate (KH,PO,) and

Fig. 1 Synthesis reactions of Synthesis of NIP
non-imprinted (without T,) and

molecularly imprinted polyani-

line (with T, addition) @N H,

Aniline
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phosphoric acid both from Rankem. Ultrapure water (resis-
tivity ~ 18.2 Q cm at 298 K) from water purification system
(Milli-Q system Millipore Bedfords, MA, USA) was used in
all HPLC experiments. ITO-coated glass electrodes (Thick-
ness—1.1 mm, Resistivity < 10 ohms sq~!) were purchased
from Tech instro Industries, India. All the chemicals pro-
cured were of highest analytical grade and did not require
further purification. Freshly prepared working solutions for
electrochemical sensing were used.

2.2 Synthesis of MIPs

Polyaniline was synthesized chemically using aniline as
monomer and ammonium persulfate as redox initiator. The
reaction was performed in an acidic environment by initially
preparing two aliquots. Solution A: 1.8 g of a ammonium
persulfate was added in 45 mL of 0.1 N HCI. Solution B:
0.25 mL of aniline and 5 mg of thyroxine was added in
150 mL of 0.1 N HCI and the mixture was thoroughly stirred
using magnetic stirrer at 300 rpm for 30 min. Solution A
was added to solution B dropwise and the final mixture was
kept for 1 h before the product was separated through filtra-
tion. The filtered product was finally air dried at ambient
temperature [25].

The same procedure was repeated without the addition of
thyroxine in solution B to synthesize non-imprinted polymer
(NIP) as shown in Fig. 1.

The blue-colored solid product of polyaniline without
thyroxine (NIP) and with thyroxine (MIP+T,) was formed.
In the next step, geometry-specific cavities were generated
by removing thyroxine from the polyaniline matrix. This was
achieved by ultrasonicating 20 mg of T,-polyaniline hybrids
in 2 mL of 0.075 M NaOH for 15 min at 30 °C. The step
was repeated three times to ensure the significant removal
of thyroxine. These conditions were optimized for the criti-
cal variables including time, temperature, and concentra-
tion of NaOH, as discussed in Sect. 2.3. After sonication,
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Table 1 Parameters for HPLC
removal from the matrix [26]

analysis for studying thyroxine

Conditions Parameters
Column Reverse phase C-18 column,
4.6x250 mm and 5 pm particle
size
Mobile phase Methanol—solvent A
Phosphate buffer pH 3—solvent B
Gradient 45-20% Solvent A in 7 min

20% Solvent A for 7-12 min
20-45% Solvent A for 12—16 min
45% Solvent A for 16-20 min

Injection volume 20 uL
Flow rate 1 mL min~!
Wavelength 228 nm

Table 2 Different factors and levels selected for optimization study

Factors Lower level Intermediate level Upper level

Temperature 30°C 40 °C 50°C

Concentration of 75 mM 100 mM 125 mM
NaOH

Time of sonication 15 min 30 min 45 min

the product was air dried and was used for characterization
studies and electrochemical analysis.

2.3 Optimization of template removal

HPLC method was employed to study the thyroxine removal
from polyaniline matrix. The optimized method for HPLC
analysis is given in Table 1.

The chromatographic analysis using HPLC was per-
formed for pure thyroxine, supernatant of polyaniline con-
taining thyroxine obtained by sonication (for different condi-
tions shown in Table 2), and for supernatant of NIP. Samples
without sonication step were used as negative control. The
process is explained in Fig. 2.

Optimization studies for thyroxine removal were per-
formed by varying three parameters, namely, temperature,

Fig.2 Schematic diagram for
the optimization of T, removal
process from polyaniline-T,

composite
| n °
Toote
Thyroxine gample was
removal from centrifuged
polyaniline and
matrix by supernatant

ultrasonication
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was collected

concentration of NaOH, and sonication time. Response
surface design (Box Behnken Design) was used to study
the removal of thyroxine from the polyaniline matrix. The
design was prepared and analyzed using Design Expert 13
software (Stat ease, Minneapolis, USA). The area under the
peak from chromatogram was considered as the response
parameter for the trial, with the factors and levels being sum-
marized in Table 3. In all, fourteen different combinations
were evaluated based on selected conditions derived from
Design Expert 13 software.

Imprinting factor was calculated by incubating thyroxine
(10 pg mL~") with MIP (20 mg) and NIP (20 mg) for 3 h
under constant stirring. The mixtures were then centrifuged
at 10,000 rpm for 10 min at 10 °C and the supernatant was
analyzed with HPLC. The same HPLC conditions were used
as mentioned in the previous section. The peaks areas were
used to determine the concentration of free thyroxine in
supernatant.

2.4 Characterization studies of MIPs and NIPs

The micro-structural characterization of NIP and MIP sur-
faces was performed using techniques such as Fourier trans-
form infrared spectroscopy (FT-IR), atomic force micros-
copy (AFM), and contact angle measurements. The latter
was also used to calculate the surface energy of NIP and
MIP coated electrodes.

FT-IR analysis was performed for NIP, MIP, and T,-MIP
solutions. Approximately 2 mg of sample was mixed with
potassium bromide and a pellet was formed. The sample
was then analyzed in 400-4400 cm™' range. AFM scan was
performed on 10X 10 pm surface. The scans were performed
for both non -imprinted and imprinted polyaniline coated
onto a glass slide by drop cast method. Contact angle analy-
sis was performed by drop shape analyser (DSA25Kruss,
Germany). To calculate the surface energy, a drop of milliQ
water (polar solvent) and ethylene glycol (non-polar solvent)
were dropped separately onto a slide coated with MIP and
NIP. The study was repeated three times.

Collected
supernatant
was

HPLC analysis Peak for thyroxine

transfered for
HPLC analysis
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2.5 Electrochemical analysis

Electrochemical analysis was performed using a Metrohm
Dropsens electrochemical potentiostat (uStat i-400) using
the three-electrode setup. In this case, MIP-coated ITO act-
ing as the working electrode while Ag/AgCl and Pt served
as reference and counter electrodes, respectively. Cyclic
voltammetry (CV) electrochemical impedance spectros-
copy (EIS) experiments were performed for electrochemi-
cal study. All electrochemical studies were performed in
potassium ferro-ferricyanide solution (10 mM) prepared in
phosphate buffer saline (1 mM, pH 7.4).

2.6 Sensor fabrication

The synthesized molecularly imprinted polyaniline was
introduced onto ITO-coated glass electrode by drop-dry-
ing method (Fig. 3). Electrodes with 10 mm X 7 X 1.1 mm
dimensions were used for the study. Molecularly imprinted
polyaniline (5 pL) was drop casted onto the ITO electrode
and was kept in an oven at 60 °C for 45 min. The electrodes
were then rinsed with water and air dried before using for
electrochemical study.

These coated electrodes were used for electrochemi-
cal characterization studies using CV and electrochemical
impedance spectroscopy (EIS), scan rate study, incubation
studies, linearity studies, repeatability, interference studies,
and recovery from saliva sample.

For EIS, the frequency scan was performed from 10 kHz
to 1 MHz. Randel’s circuit simulation of impedance spectra
was done using Zview software.

Scan rate study was done in a potential range of
—0.1-0.9 V starting from 10 mV s~! till 180 mV s~
Incubation study was performed using 10 uL of 20 ng
mL~! of thyroxine onto MIP sensor and the CV response
was observed between — 0.1 and 0.9 V potential at a scan
rate of 50 mV s~ Different time intervals for incubation

Fig.3 Representation of differ-
ent steps of electrode fabrication
and electrochemical sensing

—1-: ol

MIP
[=————1
Drop Casting MIP
ITO On ITO surface

dried at 60°C for 45
mins

study were 2 min, 4 min, 6 min, 8§ min, 10 min, 12 min,
and 14 min.

Linearity studies were performed using freshly prepared
solutions of concentrations 5 to 50 pg mL~!. Several MIP-
coated ITO electrodes were prepared and incubated with
different concentrations of thyroxine. The sample (5 uL)
was added onto the coated ITO and incubation was done
at RT for 10 min. Repeatability studies were performed at
50 pg mL~! using 5 independent coated ITO electrodes.
All the electrodes were washed with distilled water to
remove any surface-bound thyroxine before electrochemi-
cal analysis.

Interference studies were performed using biomolecules
structurally similar to thyroxine. The molecules selected
for the study were phenylalanine, tyrosine, and liothyro-
nine. The concentration of these molecules for interference
studies was taken as 100 x 10° pg mL~! for tyrosine and
phenylalanine and 5 x 10* pg mL~! for liothyronine. Con-
centration of the tyrosine and phenylalanine was selected
so as to simulate the biological conditions but the concen-
tration of free liothyronine is taken more than that present
in the body. Liothyronine levels are naturally 100 times
less than T,, and at such low levels, it won’t practically
interfere with thyroxine. However, the selected liothyro-
nine concentration would be relevant for studying inter-
ference if the proposed method is to be used for the assay
of pharmaceutical tablets thyroxine. Liothyronine can be
present in thyroxine tablets (dose range 5 to 100 pg) as an
adulterant or a degradation product [27].

Human saliva was taken by directly spitting into a test
tube. Before sample collection, the mouth was thoroughly
rinsed with water (15 min prior to sample collection). The
obtained samples were diluted with 5 mL of water. The
samples were then filtered using 0.22-pm syringe filter
and stored at 4 °C. Real sample analysis was performed by
spiking the saliva samples with 50 pg mL~".

» T, cavities in
polyaniline matrix

T, rebinding to MIP
4| cavities

electrochemical
response
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3 Results and discussion

3.1 Molecularly imprinted solid-phase extraction
(MI-SPE) analysis

HPLC chromatograms showed differences at each stage
of MIP synthesis (Fig. 4). HPLC chromatogram (Fig. 4a)
of pure thyroxine showed a sharp peak around 10 min of
scan time. This signature peak of thyroxine was used as a

positive control. Polyaniline with thyroxine after sonica-
tion at 30 °C for 15 min with 75 mM NaOH solution also
showed a peak at 10 min. This confirms that thyroxine was
extracted by sonication (Fig. 4b). To further support the
results, NIP was also sonicated with similar conditions and
no peak was observed around 10 min (Fig. 4c). A nega-
tive control (without sonication) showed a very small peak
at 10 min in HPLC chromatogram (Fig. 4d). This small
peak shows the removal of some weakly adsorbed sur-
face adsorbed thyroxine on polyaniline matrix. As HPLC

mAU
4228nm,4nm
400
3007 Thyroxine
200
] A
100
o
— —— — — : : ! —
0.0 25 5.0 75 10.0 12.5 15.0 17.5 min
Time
mAU
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] Polyaniline and
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200 products of aniline B
100} Thyroxine
0
‘ — — —— : : — ! —
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mAU
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1 Polyaniline and
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] products of aniline C
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o
—— — : — —
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250 1228nm,4nm
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o
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Fig.4 a Chromatogram of pure thyroxine b chromatogram after extraction from NIP ¢ chromatogram after extracted from polyaniline with T,

d chromatogram after three consecutive extractions from polyaniline
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peak area is proportional to the concentration of analyte,
hence, the negative control results highlight the impor-
tance of sonication process, as without sonication, very
small amount of thyroxine was removed [28].

The extraction results of thyroxine from polyaniline
matrix with different conditions using design of experi-
ment (DoE) approach are shown in Table 3. The maximum
peak area in Run 13 gives the best conditions for thyroxine
removal.

A linear model was found to be significant with model
equation.

Sqrt(R1) = +20012.80449 — 161.11872 mol

—392.35263 temp + 3.38411 mol*temp. M

The model formed was found to be significant with
f value of 4.93. P values were less than 0.05. Adequate
precision was found to be 7.348 (greater than 4 is desir-
able). A value of 7.348 indicates an adequate signal [29].
According to the Eq. (1), time did not had a significant
effect in the removal of T,.

The best response obtained was with lowest concentra-
tion, low temperature, and less time; hence, 75 mM NaOH,
30 °C, and 15 min were selected as extraction conditions.
Using these conditions, sonication was performed multiple
times until no trace of thyroxine was observed in HPLC.
The 3D plot (Fig. 5) shows the change in response with
change in temperature and molarity for fixed time 30 min.

To evaluate the specific binding property of MIP and
NIP toward thyroxine and to highlight the non-specific
interactions that result from the thyroxine adsorption, the
imprinting factor (IF) has been calculated using Eq. (2):

_ B(MIS) X F(NIS)
~ F(MIS) x B(NIS)’ 2

— F: the free concentration of T, (ppm) in the superna-
tant.

— B: the amount of T, bound (adsorbed) by the polymer
(mg of T, g~! of polyaniline) calculated by difference
between the initial concentration of T, (ppm) and F.

As shown in Fig. 6, the reduction in concentration of
thyroxine in case of MIP could be due to rebinding in the
cavities. The reduction in the concentration of thyroxine
in case of NIP could be attributed to the entrapment of
thyroxine in the polymeric layers during centrifugation.

The higher the value of imprinting factor, the higher is the
specific interactions with the polymer. The imprinting factor
was found to be 1.98. It indicates that T, binds to the cavities
formed in the polymer matrix. These data are complimented
by the incubation study discussed under Sect. 3.3 [30].

3.2 Characterization of polyaniline and imprinting
polyaniline matrix

Characterization studies for MIP, NIP, polyaniline with
thyroxine, and pure thyroxine were performed using FT-IR
(Fig. 7A and B). Figure 7A shows the characteristic peaks
of polyaniline. Peak at 3460 cm~! denotes N-H stretch-
ing, 1630 cm~! denotes C=C stretching, and 1180 cm™!
denotes—stretching [31]. In Fig. 7B, the 1100-400 cm™!
scale has been zoomed to highlight the comparison between
imprinted and non-imprinted polyaniline. Thyroxine struc-
ture has four carbon-iodine bonds (C-I bonds) which show
a characteristic absorption between 670 and 680 cm~!. NIP
has no thyroxine molecules; hence, there is a dip observed
near 670 cm™.

In MIP+T,, the presence of thyroxine is evident from
the disappearance of the dip near 670 cm~! due to strong
stretching vibrational frequency of C-I bond. On extract-
ing thyroxine molecule from polyaniline matrix, the FT-IR
spectra show a dip again.

The FT-IR results confirm the presence of thyroxine in
polyaniline matrix in MIP+T, and absence of thyroxine
in MIP generated after sonication. The previously shown
HPLC data for the removal of T, compliment FT-IR data
as the supernatant shows T, in the form of single peak at
10 min.

Contact angle studies were performed to study changes
in surface energy or thyroxine imprinted polyaniline and
comparing it with non-imprinted polyaniline coated on glass
surface. The contact angle for NIP with water and ethylene
glycol was found to be 54.2° and 27.3° as compared to 80.7°
and 63.2° for MIP (as shown in Fig. 8a and b).

Table3 Trials with different parameters for studying thyroxine
removal from polyaniline

Run Conc. of Tempera- Time (min) Peak area in
NaOH (mM) ture (°C) HPLC (a.u.)

1 125 30 30 2694652

2 100 30 45 2606173

3 75 40 45 2389787

4 100 30 15 1910671

5 75 30 30 2792259

6 100 40 30 2240712

7 100 50 15 2994670

8 100 40 30 2240712

9 125 40 15 1404862

10 75 50 30 2043485

11 100 50 45 1628344

12 125 50 30 1371182

13 75 40 15 4881631

14 125 40 45 1279771
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Fig.5 Contour plot to study
effect of temperature and
molarity on removal of T, from
polyaniline matrix
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Fig.6 HPLC chromatogram shows peaks for 10 ug mL~" solution of
T,, supernatant collected after mixing NIP with 10 pg mL~! solution
of T, for 3 h and supernatant collected after mixing MIP with 10 pug

This shows that the removal of thyroxine forms cavi-
ties in the polyaniline matrix resulting in the roughness of
polyaniline surface. The surface energy of MIP and NIP
films was calculated using Fowkes equation (Eq. 3) [32].

Vn Vn
1+ Cos 0 =24 /yd| — |+ 24/¥f| —
"1 71

(©)

where §=contact angle at solid-liquid interface; de= dis-
persive component of solid surface energy; y*, = polar com-
ponent of solid surface energy; ydl =dispersive component of
liquid surface energy; y*, = polar component of liquid surface
energy; y,=total liquid surface energy.

@ Springer

mL~! solution of T, for 3 h. These cavities in polyaniline matrix were
then further characterized using FT-IR, AFM and contact angle stud-
ies

The values of polar and dispersive components for water
are reported to be 51.00 mJ m~2 and 21.80 mJ m~2 and for
and ethylene glycol, these values are 18.91 and 29.29 mJ
m~2, respectively. Total liquid surface energy for water and
ethylene glycol is calculated to be 72.80 and 48.20 mJ m~2,
respectively. Putting these values in Eq. (3), the solid surface
energies of MIP and NIP were calculated (Table 4). The
total surface (y,) of NIP was found to be higher than that of
MIP. Due to formation of thyroxine cavities in the MIP, the
contact angle was higher than NIP and the surface energy
was subsequenly lower [32].

Atomic force microscope analysis was done to find the
surface topology and three-dimensional surface profile.
Fig. 9 shows significant change in the morphology. The
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Fig.7 A Shows the scan range of 4000—400 cm~' MIP, NIP and
thyroxine rebound MIP (MIP+T,) and B shows zoomed FT-IR scan
of range 1100—400 cm™! for MIP, NIP, and thyroxine rebound MIP
(MIP+T,)

surface roughness was calculated using WSxM software
and it was found to be 1.02 nm for NIP and 5.04 nm for
MIP [33]. The roughness can be due to small-scale vari-
ations in the height of a surface. Further, it can be attrib-
uted to the fact that due to the removal of thyroxine from
MIP, the cavities were formed which resulted in increased
surface roughness. The results were found to compliment
the observations obtained in contact angle analysis, as the
latter was found to be higher in MIP which is attributed to
increased surface roughness [34].

The results obtained by HPLC, FT-IR, contact angle,
and AFM prove that thyroxine was removed from the poly-
aniline matrix by sonication and resulting in the formation
of MIPs.

A)
A 542° B “ 27.3°
S =
P ———
B)

Fig.8 a Contact angle for MIP with water (A) and ethylene glycol
(B). b Contact angle for NIP with water (A) and ethylene glycol (B)

3.3 Electrochemical analysis
3.3.1 Electrochemical characterization

The response at various stages of MIP sensor fabrication was
initially studied using CV and EIS (Fig. 10A and B).

The pristine ITO surface exhibits a peak anodic current
(1) ~200 nA. However, its modification with the imprinted
PANI film results in an increase in /,, ~ 350 pA which is
higher than that observed in pristine ITO and can be attrib-
uted to the presence of a conducting thin polymeric film
[35]. The I,,, for MIP is slightly less than NIP which shows
that there is very small change in conductance due to for-
mation of cavities. However, on addition of thyroxine (50
pg mL™!) on imprinted PANI, 1, significantly decreases to
~210 pA. But the addition of thyroxine to NIP does not
show any change (discussed in incubation study in subse-
quent section).

The EIS spectra in Fig. 10b complement the voltammo-
grams of Fig. 10a, with high charge transfer resistance (R,,)
in T,-bound PANI which comparatively decreases after the
removal process. Insights onto interface kinetics at various
sensor fabrication stages were studied using circuit simula-
tion of Randel’s equivalent model, and the latter is shown
in Fig. 10b inset. The movement of bulk components on
the electrode interface with frequency varying signal
gives enhanced insights into the charge transfer process.
Table 5 shows the simulated values for circuit elements.

The NIP surface exhibits a low charge transfer resist-
ance (R,) ~ 50 kQ, as compared to MIP, which essentially
is due to the high conductivity of polyaniline layer. The
charge transfer becomes slightly more hindered in MIP as
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Tallale‘4 .Po‘lar,ldispersive, and S. No Solid surface Contact Contact angle 7P, (mJ m2) ydS (mJ m™?) 7, (mJ m™?)
total solid surface energy of NIP angle (water) (ethylene glycol)

and MIP calculated using water

and ethylene glycol contact 1 NIP 54.0° 27.3° 62.2 ~1.01 61.1

angles 2 MIP 80.7° 63.2° 34.8 - 0.64 34.16

Fig.9 AFM images of MIP and
NIP at 10X 10 pm resolution

compared to NIP due to the formation of cavities. MIP has
an (R,) ~57 kQ. Thyroxine rebound to polyaniline exhibits
significant R ~ 78k Q. Such high R, is attributed to the
hindrance offered by embedded thyroxine in polyaniline
matrix to the interfacial electron transfer.

When thyroxine re-binds to cavities in MIP, it serves
to impede the electron transfer at electrode—electrolyte
interface which results in low current or high impedance.
Hence, it must be noted that thyroxine neither contribute to
ionic current and hence nor toward electrode conductivity
of the working electrode [32].

Therefore, the distinct response at each stage of sensor
fabrication observed in CV and EIS indicates successful
fabrication of molecularly imprinted polyaniline-based
sensor for the selective recognition of T,.

Furthermore, the electroactive surface area of T, tem-
plated PANI electrodes was found by studying the current
response at different scan rates (Fig. 11a).

The peak anodic and cathodic currents increase as
the scan rate is elevated from 10 to 180 mV s~!, with
the response saturating at the latter value. It can also be
observed from Fig. 11a that the voltametric profile of the
ferrocyanide redox probe is preserved at higher scan rates,
thereby indicating the electrochemical stability within a
vast scan rate range. Figure 11b and c establishes a direct
proportionality of peak anodic current (/,,) and peak
cathodic current (o) with square root of scan rate (v),
which corresponds to the well-known Randel’s—Sevick

@ Springer

(R-S) behavior. The electroactive surface area was there-
fore found to be 0.0011 cm? using the Eq. (4) [36].

Between the scan rate 50 and 180 mV s~!, the electrode
process was found to be diffusion controlled as the anodic
peak current (/,,) increased linearly with square root of scan
rate [34].

L (uA) = 19.02 + 0.039v'/>(Vs™') = 0.986. (4)

Incubation study was performed to understand the opti-
mal contact time of thyroxine with the MIP-coated ITO.
The following Table 6 shows the response reduction with
increase in incubation time. After 8 min, the response
becomes constant. A slightly higher time, i.e., 10 min, was
selected as the optimal time. NIP was also incubated with
50 pg mL~! of thyroxine and no change in response was
observed for NIP (as shown in Fig. 12). This observation
shows the absence of any significant non-specific binding
of thyroxine on the polymer matrix.

3.3.2 Analytical sensor performance

The analytical response of the developed MIP sensor at vari-
ous T, concentrations was studied using CV, as shown in
Fig. 13a.

It can be observed that the I, , decreases from 500 pA to
400 pA as T, concentration is elevated from 5 pg mL~" to 50
pg mL~!. This can be attributed to the formation of partial
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Fig. 10 A Current and voltage profile for NIP, MIP, T, rebound to
MIP and ITO. B Nyquist plot for bare ITO, NIP, MIP, and T, rebound ]
MIP. The dotted lines show the simulated plots obtained using Zview
software. Randle’s circuit stimulates the impedance data 400 4
Table 5 Simulated values of circuit elements incorporated for mod- f(:e; 1
eling the sensor electrolyte interface, for MIP and NIP 3
Surface Series resist- Charge transfer Constant phase -600
ance R (k) resistance R, (k)  element CPE
(F)
NIP 19 50 3.9x1078
MIP 13 57 6x1078 ; . ; . ; . ;
0.1 0.2 0.3 0.4
V"2 (Vis)
surface passivation, at higher T, concentrations, resulting in (C)

significant impediments to the interfacial electron transfer.
The developed sensor was calibrated at 0.36 V, resulting in Fig. 11 a Study of scan rate vs current response from 10 to 180 mV s\,

a linear relation between I, and T, concentration, shown b Change of peak anodic current (I,;) with v'"?
current () with v!2

p.a. . ¢ Change of peak anodic
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Table 6 Change in anodic current with respect to time

Time (min) Reduction of peak current ~ Reduction of
(%) in NIP current (%) in
MIP
2 1.1 1.6
4 1.2 4.2
6 1.1 6.4
8 1.6 37
10 1.2 41
12 1.2 42
14 1.2 42
—NIP
400 - —— NIP + 50pg/ml of T,
300
200
. 100
< )
2
= 0
9] )
3 100+
200
-300
-400 T T T T T T T T T T T 1
0.2 0.0 0.2 0.4 0.6 0.8 1.0

Voltage (V)

Fig. 12 CV curve for NIP and NIP incubated with 50 pg mL~! of T,

in Fig. 13b. The variation in response at this potential was
found linear with change in concentration. The linear equa-
tionisy = —1.978x + 537.03 and > = 0.9978.

The limit of detection (LoD) was calculated using the 3¢
rule and was found to be 6.16 pg mL~! [18]. In the repeat-
ability test, the response of 5 independently fabricated elec-
trodes were measured for thyroxine (50 pg mL™!). The rela-
tive standard deviation was calculated as 2.45%.

The sensor parameters of developed MIP-based platform
were compared with few previously reported studies, as
highlighted in Table 7. The method was found to be more
sensitive than other techniques. The method covers the nor-
mal range of free thyroxine present in the blood as well as
saliva.

The developed T, imprinted polyaniline sensor electrodes
were further subjected to various potential interferants, and
the corresponding response was obtained using CV tech-
nique. The CV response of T, along with chosen interferants
such as phenylalanine (Phe), tyrosine (Tyr), and liothyronine
(Lio) was observed for the interference studies. As shown in
Fig. 14, the percentage relative binding for other compounds
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Fig. 13 a CV profile for different concentration of thyroxine solu-
tions. b Linearity curve for 5-50 pg mL~! concentration range

was phenylalanine (1.3%), tyrosine (1.7%), and liothyronine
(3.1%). The mixture denotes presence of all interfering com-
pounds and thyroxine.

It can be observed that the interferants has insignificant
binding capabilities in the templated PANI matrix as indi-
cated by the % binding values mentioned above, which justi-
fies the presence of T,-specific cavities. To conduct a real
sample analysis, molecularly imprinted PANI sensor was
used for the determination of T, (50 pg mL~") in human
saliva. The average recovery observed was 107% (range
96-115.2%) and relative standard deviation was 0.98%. The
upper limit of recovery was observed to be slightly on the
higher side because of the presence of natural thyroxine in
saliva. The levels of free thyroxine in saliva are also in pg
mL~! levels and are comparable to the blood levels. Hence,
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Table 7 Comparison of sensitivity other techniques for determination of thyroxine

Electrode Materials used Method LOD (nM) References

Screen printed electrode Carbon nanotubes, graphene, and gold  Differential pulse voltammetry 30 [37]
nanoparticles

Renewable mercury film silver-based Renewable mercury film Cyclic voltammetry 18 [38]

electrode

Carbon paste electrode Graphite powder in paraffin oil Cyclic voltammetry 6.5 [39]

Gold microgap electrode Thyroxine DNA aptamer/rhodium Cyclic voltammetry and 0.01 [5]
nanoplate heterolayer electrochemical impedance

spectroscopy
Modified copper disk and PVC tube Reduced graphene oxide containing Amperometry 1 [39]

gold nanoparticles attached with beta-

cyclodextrin

Indium tin oxide-coated glass

Molecularly imprinted polyaniline

Cyclic voltammetry 0.0079 Present study

100

50

% Binding

Mixture Phe Tyr Lio

Thyroxine

Fig. 14 Effect of potential interfering compounds on the response of
molecularly imprinted PANI sensor toward the detection of T,

this method can be used for the determination of thyroxine
in saliva [40].

The promising analytical sensor performance therefore
highlights the potential of the developed platform to be
translated toward clinical applications in a point-of-care
scenario, for increased patient outcomes [34].

4 Conclusion

Molecularly imprinted polyaniline was synthesized and
applied for the determination of thyroxine using cyclic vol-
tammetry. Optimization studies were done for the removal
of thyroxine from polyaniline matrix which is a critical step
for the synthesis of MIP. The characterization studies using
AFM, contact angle, and FT-IR confirmed that the imprint-
ing was successful. The results from these techniques com-
plimented those obtained through chromatographic analysis

using HPLC. The imprinted polymer was coated onto ITO
surface used as a working electrode for electrochemical anal-
ysis. Linearity was obtained for a range of 5-50 pg mL~!and
limit of detection was found to be 6.16 pg mL~!. The method
was found to be more sensitive than other reported tech-
niques. It shows good recovery in saliva which is a useful
non-invasive biological matrix for the diagnosis of diseases.
However, the reference range in saliva is still to be harmo-
nized. This method can be used for the estimation of sali-
vary thyroxine in human population and correlating it with
the status of thyroid disease. The result of the study is a
step forward toward the development of a robust MIP-based
biosensor that can be used for developing a highly selective
point-of-care device for thyroxine in biological matrices.
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