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A B S T R A C T   

Preparation and electrochemical interrogation of a novel redox active progesterone derivative progesterone 
thiosemicarbazone (PATC) is presented here together with an investigation into its suitability as conjugate in 
progesterone hormone immunosensing. PATC synthesis involved a condensation reaction between progesterone 
acetate and thiosemicarbazone hydrochloride. Voltammetric and pulse techniques confirmed the redox behav-
iour of the new compound with concentration and scan rate dependant irreversible behaviour evident at glassy 
carbon and gold transducers - ko (standard heterogeneous rate constant) was 2.56 � 10-3 cm2/s (ν ¼ 100 mV/s in 
non-aqeuous media). Bioaffinity studies towards anti-progesterone antibodies involved a competitive ELISA 
format (optical) which confirmed recognition of the new progesterone derivative. Electrochemical impedance 
spectroscopy was employed as an interrogation technique in order to establish optimum binding and surface 
conditions for progesterone antigen-antibody interaction with the assistance of a redox probe (potassium 
hexacyanoferrate).   

1. Introduction 

Progesterone (P4) is a C21 steroid hormone which is secreted by the 
corpus luteum and is required for creating an environment which is 
suitable for successful establishment and maintenance of bovine preg-
nancy (Mondal et al., 2006). P4 concentrations during the oestrus cycle 
rise and fall depending on the time interval. However, upon establish-
ment of pregnancy, levels remain elevated and for this reason, preg-
nancy determination via detection of P4 (>15 ng/ml) is possible 
(Balhara et al., 2013) while low P4 concentrations (<5 ng/ml) have 
been used to determine oestrous (Mondal et al., 2006). An early diag-
nosis, ideally at day 21 post artificial insemination, is critical to the 
maintenance of an efficient breeding program. Despite the advantages of 
P4 detection in milk for both heat and pregnancy detection, a 
point-of-care test device suitable for on farm use has yet to be realised. 

Recent reports of progesterone immunosensing approaches have 
involved microfluidics (Ar�evalo et al., 2010), the use of fluorescent 
quantum dots (Trapiella-Alfonso et al., 2011), fluoroimmunoassays 
(Oku et al., 2011), colloidal gold labelling (Carralero et al., 2007a,b; 

Monerris et al., 2012) tyrosinase-colloidal gold (Carralero et al., 2007a, 
b), a colorimetric aptasensor (Du et al., 2016) electrode modified with 
thionine-graphene oxide composites (Dong et al., 2017) and progester-
one detection in milk using a smart phone based reader (Jang et al., 
2017). The complexity of the assay formats, reagent addition steps and 
the surface modifications required limit such methodologies in on-site 
applications in whole milk. A label free competitive immunosensor 
approach has the advantage of eliminating the requirements for enzyme 
substrate addition, taking advantage of the direct signalling associated 
with the bound conjugate. 

The work presented here involves synthesis, characterisation and 
immunochemical investigations into a novel progesterone derivative 
that can be ultimately be used to compete with progesterone in a 
competitive immunoassay format with the aid of electrochemical 
detection. An ideal conjugate will have redox active behaviour which 
can be exploited for detection with the aid of techniques such as 
impedance spectroscopy and voltammetry. Electrochemical impedance 
spectroscopy forms the electrochemical interrogation tool for this work 
and reviews by Randviir et al. give an overview of its bioanalytical 
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applications (Randivvir and Banks, 2013). The proposed candidate for 
conjugation to progesterone is a thio-azide – thiosemicarbazide, with 
formation of a thiosemicarbazone via a condensation reaction with 
progesterone. Not only does the molecule have its own inherent redox 
activity it also has a thione moiety for gold surface interaction, allowing 
adsorption and immobilisation in an immunosensor format. 

Thiosemicarbazide (also known as aminothiourea) is an odourless 
white crystalline powder and a series of saturated, unsaturated fatty 
hydrocarbon and aryl substituted thiourea compounds have been syn-
thesised and widely used in analytical chemistry. Thiosemicarbazides 
can form thiosemicarbazones when they react with particular ketones 
and aldehydes. Thiosemicarbazones of α-(N)-heterocyclic ketones and 
aldehydes possess a broad spectrum of potentially useful chemothera-
peutic activities. Thus, the antimalarial (Biot et al., 2007), antibacterial 
(Glinma et al., 2011), and antiviral (Pahontu et al., 2015) properties of 
this class have been explored. 

As far as current knowledge extends, there is no conjugation of 
progesterone to thiosemicarbazide reported in the literature. Glinma 
et al. (2011) reported a method for the synthesis of thiosemicarbazones 
(which are often identified by their characteristic C––N bond) to various 
ketones based on the work of Aggarwal et al. (2008). The method pre-
sented involved a condensation reaction between a solution of thio-
semicarbazide in ethanol which was added slowly to a stirring solution 
of appropriate carbonyl compound dissolved in ethanol containing 
glacial acetic acid. Others included work reported by Fatondji et al., 
2013) while Murugkar et al. reported the synthesis and characterisation 
of a testosterone steroid derivate by a condensation reaction between 
the acetate derivative of testosterone and the hydrochloride salt version 
of thiosemicarbazide (Murugkar et al., 1999). 

In this work, this latter method (Murugkar et al., 1999) was adapted 
for the optimised synthesis of progesterone acetate thiosemicarbazone. 
The progesterone starting material was 17α-hydroxyprogester-
one-17-acetate which was coupled to thiosemicarbazide hydrochloride 
resulting in progesterone acetate thiosemicarbazone (PATC). Charac-
terisation involved spectroscopic and surface imaging, and an exami-
nation of electrochemical and optical properties. PATC was then 
evaluated as a potential redox active conjugate via anti-progesterone 
binding studies with the assistance of ELISA and electrochemical 
impedance spectroscopy measurements. The reaction of thio-
semicarbazide at the carbonyl group on the A ring of P4, results in thione 
functional group as part of the thiourea group which assists in gold 
surface adsorption, enabling flexibility as regards the immunoassay 
format and surface modifiers. The overall objective of the work pre-
sented here is to investigation this novel immunoconjugate for its suit-
ability as an electrochemically active conjugate in ELISA development 
via both optical and impedimetric studies. The research forms the basis 
for advancement of the assay towards quantitative progesterone sensing 
in a novel immunosensor format, forming the follow-on phase of the 
work. 

2. Experimental 

2.1. Materials 

Progesterone (�99%), 17α-Hydroxyprogesterone 17-acetate 
(�98%), Thiosemicarbazide (�99%) gold(III) chloride trihydrate 
(>99.9%), sodium nitrite (97%), sodium nitrate, potassium hex-
acyanoferrate(III) (>99%), potassium hexacyanoferrate(II) trihydrate 
(>99.99%), potassium phosphate monobasic (99%), potassium phos-
phate dibasic (98%), Acetic Acid (�99%), 4-(2-piperidinoethyl)-3-thi-
osemicarbazone (�99%) and tetrabutylammonium tetrafluoroborate 
(>99%) were purchased from Sigma-Aldrich (Ireland). Thio-
semicarbazide (�99%), thiosemicarbazide hydrochloride were pur-
chased from TCI Europe N.V. Phosphate buffer (PB) was prepared using 
0.1 M KH2PO4 and 0.1 M K2HPO4 and PBS tablets and PBS- Tween 
(PBST) was purchased from Sigma Aldrich. All solvents used were 

purchased from Sigma Aldrich, Lennox Chemicals or VWR. Dimethyl 
sulphoxide (DMSO) was used as received from VWR and ultra-pure 
water (18 MΩ) was used in all experiments. Bovine serum albumin 
(BSA � 96%) and 3,30,5,50-tetramethylbenzidine (TMB liquid substrate 
for ELISA) were purchased from Sigma Aldrich and used as supplied. 
Sodium hydrogen carbonate was purchased from the British Drug 
Houses (BDH), Anti-progesterone antibody (P4-Ab) AbD Serotec and 
Fitzgerald (20-1663, 8.8 mg/mL) was used together with horseradish 
peroxidase labelled progesterone (P4-HRP) from Fitzgerald (80-1255, 
concentration not provided). Commercially available Au screen printed 
electrodes (SPEs) were purchased from Dropsense and had working 
electrode area 0.11 cm2. 

2.2. Instrumentation 

The electrochemical experiments (cyclic voltammetry, differential 
pulse and square wave voltammetry and electrochemical impedance 
spectroscopy) were performed using an electrochemical workstation CH 
Instruments Inc. 750A and CH Instruments Inc. 760E, using a conven-
tional three electrode cell (5 mL) at room temperature. A glassy carbon 
electrode (GCE) (3 mm diameter), Gold (Au) macro disk electrode 
(2 mm diameter) served as the working electrode, while platinum wire 
and a standard Ag/AgCl electrode (internal solution 3 M KCl) were 
employed as the counter and reference electrodes, respectively. The 
working electrodes were prepared by polishing with alumina slurries in 
decreasing size (0.05, 0.3 and 1.0 μm) followed by washing in deionised 
water and air dried. The Ag/AgCl reference electrode was stored in 
concentrated potassium chloride (3 M KCl) when not in use. For elec-
trochemical characterisation of PATC a non-aqueous reference electrode 
was prepared using silver nitrate (10 mM) and lithium perchlorate 
(0.1 M) in methanol. Impedimetric electrochemical characterisation 
utilised a redox probe, 5 mM [Fe(CN)6]3-/4- in 0.01 M PBS. Following 
optimisation on Au macro electrodes, Au screen printed electrodes were 
subsequently employed for impedance studies. UV–Visible analysis was 
carried out using a Hitachi U-2900 UV spectrophotometer and BioTek 
Synergy H1 Hybrid plate reader instruments. Infrared spectroscopy (IR) 
spectra of the samples were recorded on a Shimadzu IR Prestige-21 with 
4 cm-1 resolution at a frequency range of 600–4000 cm-1 in trans-
mittance mode. Solid samples were prepared as dispersions in KBr discs. 
NMR spectroscopy was performed using a Bruker Biospin 500 MHz 
spectrometer operating at 500 MHz (1H NMR) and 125 MHz (13C NMR 
with a spectral resolution of 0.18 Hz for 1H and 0.23 Hz for 13C). Tet-
ramethylsilane (TMS) was used as an internal standard for 1H and 13C 
NMR, and spectra were processed using TOPSPIN 3.1, with deuterated 
DMSO as a solvent. NMR chemical shifts are reported in parts per million 
(ppm, δ). Liquid Chromatography/Mass Spectrometry was performed on 
an Agilent Technologies 6530 Accurate-Mass Q-TOF LC/MS, utilising 
the Mass-Hunter workstation software. Samples were dissolved in HPLC 
grade acetonitrile, with volumes injected between 0.5 and 2.0 μL. The 
mobile phase (HPLC grade) used was acetonitrile (70%), water (30%), 
and formic acid (0.1%) with flow-rate of 0.5 mL/min. Thin layer chro-
matography was performed using Merck aluminium-backed sheets with 
silica gel 60 F254. The surface morphology of the synthesised derivative 
PATC was characterised using scanning electron microscopy (HR SEM 
Auriga). For SEM measurements, samples were suspended in ethanol, 
sonicated and drop cast onto a copper grid fixed on an Aluminium (Al) 
stub and coated with gold palladium. Elemental composition was ach-
ieved by EDS measurements. 

2.3. Synthesis of progesterone acetate thiosemicarbazone 

Progesterone acetate thiosemicarbazone (PATC) was synthesised 
using a modification of the procedure reported for the synthesis of 
testosterone acetate thiosemicarbazone (Murugkar et al., 1999). 
17α-Hydroxyprogesterone 17-acetate (0.003 mol, 1.1404 g) was placed 
into a round bottom flask with minimal amount of methanol and heated 
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until it had dissolved. Thiosemicarbazide hydrochloride (0.003 mol, 
0.39 g) was dissolved in deionised water (approx. 10 mL). The thio-
semicarbazide hydrochloride solution was added to the alcoholic 
17α-Hydroxyprogesterone 17-acetate solution in the round bottom 
flask. The reaction mixture was refluxed (60 �C) with continuous stirring 
for 6 h. The solution was allowed to cool (approx. 48 hr.) until a pre-
cipitate appeared. The solvent was discarded by filtration, followed by 
sufficient washing with cold ethanol and cold deionised water. The 
crude product was recrystallised in minimal hot ethanol (Scheme 1(A)) 
and % yield was 64%. 

2.4. Electrochemical characterisation of progesterone acetate 
thiosemicarbazone 

Cyclic voltammetry was performed in methanol/0.1 M LiClO4 at a 
scan rate of 100 mVs-1 over a fixed potential window of þ1.0 V to -1.0 V 
vs. Ag/AgCl. Differential pulse voltammetry employed a potential range 
of 0.3–1.0 V vs. Ag/Agþ with an increment of 0.004 V and amplitude 
0.05 V. Adsorptive anodic stripping voltammetry at both GCE and Au 
electrodes was performed using cathodic accumulation at -1.0 V for 200 

s followed by an anodic differential pulse sweep. Prior to protein func-
tionalisation, electrodes were subjected to a mild anodic treatment in 
phosphate buffer (0.1 M, pH 6.0) electrolyte. This was achieved by 
scanning electrodes between 0 and þ 1.0 V vs. Ag/AgCl for 10 cycles, a 
process which resulted in surface activation. 

2.5. Electrochemical impedance spectroscopy at Au macro and screen 
printed electrodes 

The AC electrochemical impedance (EIS) response was measured in a 
solution containing 5 mM [Fe(CN)6]3-/4- in 0.01 M PB with the alter-
nating potential set to the appropriate formal potential of the redox 
couple (0.21 V vs. Ag/AgCl for Au macro electrode and 0.08 V for Au 
screen printed electrodes), over the frequency range 0.1–105 Hz. A 
background CV was recorded in the redox probe over the range -0.2 to 
0.5 V at 100 mV/s (6 cycles) in 5 mM [Fe(CN)6]3-/4-. An EIS spectrum 
was then recorded in the redox probe solution following which the 
electrode was gently rinsed with deionised water and the impedance Z 
expressed as real (Z0) or imaginary (Z00) components. In order to confirm 
recognition of anti-P4 towards the antigenic moieties of PATC, two 

Scheme 1. (A) Reaction scheme for the synthesis of progesterone acetate thiosemicarbazone (PATC) – acid catalysed condensation of thiosemicarbazide hydro-
chloride and progesterone acetate; (B) Proposed redox process for the imine electroactive group of PATC; (C) Possible tautomers of PATC with oxidisable thiol form. 
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electrode formats (A) and (B) were employed as outlined below and 
surface charge transfer/impedance changes (ΔRCT) monitored with data 
presented as both Nyquist and Bode plots.  

(A) Immobilisation of PATC on Gold transducers as primary adsorbed 
layer for binding confirmation 

In order to optimise loading and incubation time for PATC adsorp-
tion on Au surfaces the electrode was immersed in 100 μL of PATC over 
the range 0.01–10.0 μM, overnight (15 h) both at 4 �C and room tem-
perature. After the specified incubation period the electrode was rinsed 
gently and the response (CV & EIS) measured under the conditions as 
described above. The modified electrode was then blocked with 1% BSA 
in PBS at room temperature for 0.5 h following which the electrode was 
rinsed with DI and CV and EIS experiments were performed. The final 
modification step involved the introduction of the anti-progesterone 
antibody (Anti-P4) (1.5, 3.0 and 6.0 μg/mL, 100 μL) which was care-
fully pipetted on the electrode surface and allowed incubate at 37 �C for 
1.5 h followed by gentle rinsing. The so-formed electrode is labelled Au/ 
PATC/BSA/Anti-P4 (Scheme 2 (A)).  

(B) Immobilisation of Anti-P4 antibodies on gold transducers as primary 
adsorbed layer for binding confirmation 

In this format the initial modification step involved anti- 
progesterone antibody (Anti-P4) (1.5, 3.0 and 6.0 μg/mL, 100 μL) 
which was carefully pipetted on the electrode surface and allowed 
incubate at 37 �C for 1.5 h followed by gentle rinsing with deionised 
water. The electrode [Au/Anti-P4] was then blocked using a non- 
specific blocking agent bovine serum albumin (BSA) (1% in PBS, 
100 μL) – with incubation at room temperature for 0.5 h followed by 
rinsing with deionised water. A CV and EIS response were then recorded. 
The final modification step involved incubation (1 h at RT) with 100 μL 
of PATC solution (3 μM was found to be optimum in this format) dis-
solved in phosphate buffer. The electrode was rinsed gently to remove 
any non-specifically bound PATC and the CV and EIS response 
measured. All modifications were confined to the working electrode 
area. A schematic for this experimental set-up can be seen in Scheme 2 

(B) and the electrode is labelled Au/Anti-P4/BSA/PATC. As a control 
experiment the above procedure was repeated with the introduction of 
para-toluenethiol solution (3.0 μM, 200 μL) as the final step (incubation 
for 1 h at RT). Para-toluenethiol was selected due to its sulfur moiety 
with gold affinity, albeit lacking the specific antigenic sites of the PATC 
molecule which facilitate antibody recognition at the Fab protein re-
gions (Scheme 2(C)). 

2.6. Competitive ELISA procedure utilising PATC conjugate with optical 
detection 

Anti-progesterone solution (prepared in carbonate buffer, 3.0 μg/mL 
pH 9.6) was introduced to the wells of a 96 well plate (100 μL) and 
incubated for 1 h at 37 �C with the exception of the control wells. Excess 
solution was then removed and the plate was air dried for 1 h before 
blocking (5 min incubations with 1% BSA-PBST solution, 300 μL, x3) 
and leaving the plate to air dry for an hour at room temperature before 
use. 10 μL of progesterone standards (0–50 ng/mL in phosphate buffer 
pH 7.4) were added to the wells together with 100 μL of P4-horseradish 
peroxidise (HRP) conjugate (1:1600 dilution) and incubated at room 
temperature for 1 h. Excess solution was disposed of and wells were 
washed with PBST (x3, 300 μL) before adding 100 μL of substrate (TMB) 
and incubating at room temperature for 15 min allowing a blue colour to 
develop. The enzyme reaction was quenched with HCl stop solution 
resulting in a colour change from blue to yellow with measurement of 
absorbance intensity at 450 nm. 

3. Results and discussion 

3.1. Characterisation of progesterone acetate thiosemicarbazone 

The synthesised steroidal derivative progesterone acetate thio-
semicarbazone (PATC) was characterised using spectroscopic, electro-
chemical, elemental and surface techniques as detailed below. 

3.1.1. Spectroscopic analysis 
The FTIR spectrum of PATC is shown in Supplementary data (ESM 1) 

and indicated the absence of the cyclic carbonyl group (at 1662.64 cm- 

Scheme 2. (A) Schematic representation of PATC modified electrode; (B) Anti–P4 modified electrode and (C) control test reaction using p-toluenethiol; the formats 
enabled binding investigations and all surfaces were blocked using BSA. 
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1), present in progesterone acetate starting material and the presence of 
a stretch at 1629.04 cm-1 that was absent in any of the starting materials, 
being indicative of a C––N bond (literature value of 1633-1587 cm-1 

(Glinma et al., 2011). Strong stretches were also witnessed at 
1084.55 cm- 1 (C––S) and 869.90 cm-1 (N-CS-N) which relates to a 
stretch for a thioamide group (literature values 1123-845 cm-1) (Glinma 
et al., 2011). 

3.1.1.1. Mass spectroscopy analysis. The MS spectrum can be seen in 
Supplementary data (ESM 2) where an m/z 446.25 (MþH) indicates a 
structure with a molecular weight of 445.24 g/mol with a molecular 
formula of C24H35N3O3S. 

3.1.1.2. NMR analysis. The 13C NMR spectra is shown in (ESM 3) with a 
C––S peak at 178.75 ppm and the presence of a signal for C––N at 
150.79 ppm. The spectra also illustrates the absence of the signal for the 
cyclic carbonyl (C––O) at 198.43 ppm which was present in the 13C NMR 
spectra of the progesterone acetate starting material (complete assign-
ment can be seen in ESM 3). Overall NMR interpretation indicates a 
successful condensation reaction due to appearance of the imine C––N 
bond formation and the lack of cyclic ketone C––O (progesterone ace-
tate). As the β amino group of thiosemicarbazide is more nucleophilic 
that the NH2 α to the thione functional group, covalent attachment oc-
curs at this position and isomers are unlikely. 

3.1.1.3. UV analysis. PATC dissolved in ethanol (200–800 nm) showed 
λ max at 334 nm (ε ¼ 0.0288 μg-1mL cm-1). This peak was not present in 
the compared spectra for starting materials (ESM 4). 

3.1.2. Surface analysis 
SEM and EDX analysis (ESM 5) together provide information 

regarding morphology and elemental composition. SEM images confirm 
the amorphous nature of the material while elemental identification was 
in agreement with the synthetic composition. The presence of sulfur was 
attributed to the thione group and presence of nitrogen confirmed the 
successful conjugation of the thiosemicarbazide to the progesterone 
acetate, while the oxygen signal indicates that the acetate and acyclic 
ketone still exist (the presence of copper was due to the copper grid used 
for sample preparation). 

3.1.3. Electrochemical characterisation 
The electroactivity of PATC was investigated in a non-aqueous 

electrolyte – 0.1 M LiClO4 in methanol. 1, 2 and 5 mM PATC was dis-
solved in the electrolyte solution and degassed under Argon (10 min). 
The cyclic voltammetric response was examined at three different 
working electrodes over the potential range -0.2 to 1.0 V at 0.1 V/s 
resulting in two irreversible anodic processes at a glassy carbon elec-
trode (GCE) (Fig. 1A and B) (Ep ¼ 0.25 and 0.75 V vs. Ag/Agþ) which 
increased with increasing concentration (0.5–2.5 mM). Scan rate studies 
verified a diffusion controlled irreversible process which may be 

Figure 1. (A) CV of (a) PATC (2.5 mM) overlaid with starting reagents (b) progesterone (2.5 mM) and (c) progesterone acetate (2.5 mM) over the range -1.0 - þ1.0 V 
vs. Ag/Agþ at a GCE; scan rate 100 mV/s (0.1 M LiClO4/methanol); (B) Voltammetric response to increasing PATC concentrations over the range 0.5–2.5 mM; 
potential range -1.0 - þ1.0 V vs. Ag/Agþ at a GCE; scan rate 100 mV/s (0.1 M LiClO4/methanol); (C) DPV of PATC (0.5 mM–2.5 mM) at a GCE electrode over a 
potential range of -0.3 and 1.0 V vs Ag/Agþ, increment 0.004 V, amplitude 0.05 V in 0.1 M LiClO4/methanol; (D) DPVS of PATC (0.0625 mM–2.5 mM) at GCE over a 
potential range of -1.0 to 1.0 V vs Ag/Agþ, increment 0.004 V, amplitude 0.05 V in 0.1 M LiClO4/methanol. Cathodic deposition involved holding the potential at 
-1.0 V for 200 s. 
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described by Equation (1) below (Kissinger and Heineman, 1996). 

Ip ¼
�
2:99x105�n

ffiffiffiffiffiffiffi
αna
p

A
ffiffiffiffiffi
D
p

Co ffiffiffi
ν
p

(1)  

Where α is the transfer co-efficient, na is the number of electrons in the 
rate determining step, Do is the diffusion co-efficient and ν is scan rate. 
Taking Do as 1 � 10-5 cm2/s and based on a 1 electron process α can be 
estimated at 0.25. This value correlates well with that found based on 
the difference between Ep (0.75 V) and Ep/2 (0.564 V) for an irreversible 
system (Equation (2). 

Ep � Ep
2
¼

1:857RT
αnaF

(2) 

Equation (3) allows determination of ko (standard heterogeneous 
rate constant) for an irreversible process (Kissinger and Heineman, 
1996). 

ko¼ 2:415 exp
�

� 0:02
F
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ffiffiffiffi
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p

o
1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi0

@Ep � Ep =2

1

A

v
u
u
u
t

ffiffiffi
υ
p

(3)  

Where R is the gas constant, T is temperature and F is Faraday’s con-
stant. Taking Ep for the most dominant anodic process at 0.75 V and Ep/ 

2 at 0.564 V this results is a ko value of 2.56 � 10-3 cm2/s at ν ¼ 100 mV/ 
s. 

Differential pulse voltammetry (DPV) and adsorptive stripping mode 
DPV was performed at a GCE over the range 0.5–2.5 mM and resulted in 
split peaks I (Ep ¼ 0.45 V vs. Ag/Agþ) and II (Ep ¼ 0.62 V vs. Ag/Agþ) 
(Fig. 1C), which became more defined when a cathodic deposition step 
preceded the anodic sweep (Fig. 1D). The anodic processes may be 
attributed to the oxidation of the imine or thioamide groups present in 
the compound (see proposed Scheme 2(B)). We have also considered 
two possible tautomers of PATC vis thione and thiol forms (Scheme 2(C)) 
– the more anodic oxidation wave may coincide with disulphide for-
mation upon oxidation of the thiol form (Khan et al., 2014). With an 
increase in concentration, there was an increase in peak currents at 
0.45 V (I) and 0.65 V (II) resulting in a linear relationship between 
current and concentration with sensitivity of 2.14.μA/cm2/mM, 
r2 ¼ 0.985 (n ¼ 3). Though GCE electrodes provided the optimum PATC 
redox behaviour for this study, a concentration dependant single peak at 
0.6 V vs. Ag/Agþ was evident in the case of PATC DPV response at Au 
macroelectrodes with sensitivity 1.72 μA/mM over the same range. 

Fig. 2. PATC functional group (thione and imine/amine) interaction with gold surface facilitating deposition from solution. (A) CV (a) bare Au (black), (b) Au/PATC 
(red), (c) Au/PATC/1%BSA (green) and (d) Au/PATC/1%BSA/anti-P4 (blue) and (B) corresponding EIS Nyquist plot for Au electrodes modified via incubation with 
0.01 μM PATC overnight at 4 �C followed by antibody incubation (3 μg/mL). (C) Average (n ¼ 3) change in ΔRct for PATC binding relative to control p-toluene thiol 
at Au/Anti-P4/1%BSA modified electrodes. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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3.2. ELISA competitive assay - progesterone antibody binding 
investigation utilising PATC conjugate 

The competitive ELISA format (progesterone-horseradish peroxidase 
conjugate vs. PATC) was established according to the procedure outlined 
in section 2.6. In the absence of antigen a strong blue/yellow colour 
developed and little or no colour change was observed in the presence of 
high concentrations of progesterone. Results shown in ESM 6 confirmed 
that with an increase of PATC concentration there was a decrease in 
absorbance signal due to fewer anti-P4 binding sites being available for 
conjugation to the HRP enzyme labelled progesterone. Column 6 in the 

tabulated data in (ESM 6) represents the control line (no immobilised 
anti-progesterone antibody) in the ELISA experiment. A calibration 
curve with a linear regression value of 0.98 for a concentration range of 
0–5 μM PATC (0.144 AU/μM sensitivity) was determined confirming 
that the PATC progesterone analogue was recognised by anti- 
progesterone antibodies proving its validity as a candidate for compe-
tition with free progesterone. 

3.3. Electrochemical impedance spectroscopy 

The electrochemical cell was modelled according to the simplified 

Fig. 3. CV (A1-2) and corresponding Nyquist (B1-2) and Bode plots (C1-2) recorded at Au macroelectrodes following anti-P4 incubation (3.0 μg/mL) upon 
modification with 3 μM PATC or p-toluenehiol (control), following overnight incubation at 4 �C for 15 h. Bare/Au (a. black), Au/Anti-P4 (b. red), Au/Anti-P4/1%BSA 
(c. green) and Au/Anti-P4/1%BSA/PATC (1) or p-TT (2) (d. blue). Electrochemical experiments were performed in a solution of 5 mM [Fe(CN)6]3-/4- in 0.01 M PBS at 
initial potential 0.21 V over the frequency range 0.1–105 Hz (n ¼ 3) on an Au electrode. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.) 
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Randles circuit for a system with mixed kinetic and diffusion limited 
processes; where Rs is solution resistance, Cdl represents double layer 
charging and RCT is redox probe charge transfer resistance - opposition 
to electron movement (kinetic control). Warburg impedance (Zw) rep-
resents diffusion (mass transfer control) of solution ions to the electrode 
surface and is related to the heterogeneous electron transfer rate con-
stant (ko) by Equation (4) below for a one electron process (R is the gas 
constant, T is temperature, F is Faraday’s constant and C is the con-
centration of the electroactive species). 

RCT ¼
RT

F2koC
(4) 

Format (A) (Scheme 2A) above, involving direct PATC adsorption 
onto the Au surface, enabled an examination of Ab-Ag binding events 
and facilitated optimisation of conditions for the conventional immu-
nosensor format (B) (Scheme 2B), which was then translated onto an Au 
screen printed electrode surface. Incubation of 0.01–10 μM PATC at both 
RT and 4 �C (overnight) resulted in increases in RCT from 800 to 2500 Ω 
(Nyquist plots not shown) with improved signal reproducibility and 
stability following incubation at 4 �C. 3 μM PATC was selected for 

optimisation of incubation time (1,4 and 15 h) for the Au-PATC surface 
adsorption process resulting in no significant variation in RCT. However, 
the most robust and stable impedance signals were achieved when Au 
electrodes were incubated in PATC overnight (15 h at 4 �C) and this 
approach was employed going forward. 

Using this format (Au/PATC/BSA/Anti-P4), antibody levels were 
examined over the range 1.5–6 μg/mL in order to both verify binding 
and assess impact of antibody level on the magnitude of alterations in 
RCT. Fig. 2 shows CV data in the redox probe (Fe2þ/3þ) with corre-
sponding Nyquist plots resulting in significant increases in RCT following 
blocking [(from 334.9 Ω to 16450 Ω (following BSA adsorption) to 
18870 Ω þ/- (following anti-P4 interaction)]. ΔEp changes were from 
0.11 V (bare) to 0.154 V (Au/PATC) to 0.498 V (Au/PATC/BSA) to 
0.519 V (Au/PATC/BSA/Anti-P4). Based on this result and data derived 
from Format (B) (and ELISA checkerboard assay), an anti-P4 level of 
3.0 μg/mL was deemed to be most suitable for further use. Rate con-
stants for heterogeneous electron transfer (ko) were calculated from 
average RCT values for the various surfaces resulting in 1.59 � 10-4 cm3/ 
s (bare Au), 7.67 � 10-5 cm3/s (upon adsorption of PATC), 3.23 � 10- 

5 cm3/s following BSA addition and 2.82 � 10-6 cm3/s upon antibody 

Fig. 4. (A) CV and corresponding Nyquist (B) response recorded at a Au SPE following antibody incubation under same conditions as Fig. 3. 5 mM [Fe(CN)6]3-/4- in 
0.01 M PBS at initial potential 0.12 V over the frequency range 0.1–105 Hz. Bare/Au (a. black), Au/Anti-P4 (b. red), Au/Anti-P4/1%BSA (c. green) and Au/Anti-P4/ 
1%BSA/PATC (d. blue). Chart (C) shows the changes in ΔEp (redox probe study) upon surface modification with the inclusion of progesterone (3 μM) confirming 
successful discrimination between progesterone and its analogue PATC. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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interaction. The average changes in RCT values (n ¼ 3) upon adsorption 
of control species para-toluenethiol in comparison to PATC binding is 
also shown in Fig. 2, indicating the lack of significant ΔRCT changes in 
the case of the control system. 

Impedimetric and voltammetry data for the Format (B) Scheme 2(B) 
(Au/Anti-P4/BSA/PATC), confirms the affinity of anti-P4 for the pro-
gesterone derivative PATC upon exposure to an antibody modified gold 
electrode surface. The Bode plots (Fig. 3 C1 and C2) showed increased 
impedance at high frequencies with the expected shift in phase angle 
corresponding to increased surface loading/interaction over the range 
examined. This matches the Nyquist and redox probe data, (Fig. 3A, B), 
while there was no significant change in impedance with respect to 
either RCT or phase angle following introduction of the control species p- 
toluene thiol to the antibody modified Au surface. 

Gold screen printed electrodes (Au SPE) were subjected to the same 
immunoreagent loading under optimum conditions, involving anti- 
progesterone antibody (3.0 μg/mL, 10 μL). The electrode (AuSPE/Anti- 
P4) was then blocked with BSA (1% in PBS, 10 μL) at room temperature 
for 0.5 h. The final modification step involved the introduction of PATC 
in PBS (3.0 μM, 10 μL) which was allowed to incubate for 1 h at 37 �C. 
The CV and EIS response was measured following each modification step 
and results are presented in Fig. 4, (A) CV data (B) Nyquist plot and (C) 
ΔEp from redox probe study showing difference between PATC and 
progesterone surface interactions. Upon inspection of the data, identical 
trends were observed and changes in RCT were of the same magnitude as 
that at the macro Gold electrode 65.84 Ω (bare Au SPE), 710.7 Ω 
(following antibody binding to AuSPE), 987.5 Ω following the blocking 
step and increasing to 1601 Ω upon introduction of PATC. Correspond-
ing rate constants were 8.08 � 10-4 cm3/s, 7.49 � 10-5 cm3/s, 5.44 � 10- 

5 cm3/s and 3.32 � 10-5 cm3/s respectively; the latter two modification 
stages resulting in ko values which were approximately an order of 
magnitude higher than those at the Au macro electrode. The greatest 
change in the charge transfer resistance was recorded at the final step of 
modification when PATC was introduced confirming binding affinity 
and creation of an immuno-complex. The CV data (Fig. 4 (A)) clearly 
illustrates a decrease in the ΔEp with each step of modification; this 
complements the EIS data presented in the Nyquist (B) plot. There was a 
significant increase in the charge transfer resistance at each step of 
modification (B) as well as an increase in the phase angle (data not 
shown) and a slight shift towards higher frequencies suggesting the 
formation of the antigen-antibody immuno-complex. Fig. 4 (C) shows 
the relative changes in peak potential for each surface layer with the 
inclusion of the progesterone steroid molecule (3 μM) confirming the 
higher extent of surface interaction relative to PATC as expected. This 
promising result provides evidence of the successful translation of the 
immunoreagents to Au SPEs with retention of the expected bioaffinity, 
as evident from EIS and redox probe data while correlating with ELISA 
results. 

4. Conclusion 

Synthesis (yield 64%), characterisation and electrochemical evalu-
ation of a novel progesterone derivative PATC has been successfully 
achieved. The compound was characterised via spectroscopic, electro-
chemical, imaging and elemental techniques. Irreversible redox activity 
was examined using both voltammetric and pulse techniques with the 
view to potentially exploiting surface confined PATC electrochemical 
signals upon immunocompetition with P4 and subsequent P4 quantita-
tion (being the subject of further work). Optimisation of the immuno-
assay involved utilising two formats at both gold macro and SPEs with 
firstly PATC and secondly anti-P4 antibodies as innermost adsorbed 
layer. Both approaches involved incubation in BSA blocking agent and 
comparative data at a control thiol molecule verified selectivity of the 
surface for PATC. Ongoing work in our group involves (a) amplification 
of the redox signal for surface bound PATC with the assistance of Au 
nanoparticle signalling and optimisation of P4 quantitation in 

competitive assay format under immunoassay conditions, thus paving 
the way for new progesterone immunosensing opportunities with ad-
vantages of direct signalling and minimal time to result. 
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