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Abstract

17p-estradiol is used as a growth and fertility stimulant in the agronomic sector to induce
fertility and manipulate reproductive characteristics in animals. However, unintended or
unregulated distribution and exposure to even significant low levels of 17f-estradiol estro-
gen have detrimental health implication that can lead to reproductive abnormalities and
even cancer. This could have severe effect on the ecosystem imbalance, food safety, to such
a degree that its health impact necessitates rapid methods to probe for its prevalence and
occurrence in the environment. Herein a simple, robust, sensitive and once-off use elec-
trochemical biosensor to detect 17p-estradiol is developed, using 3-mercaptopropionic
acid capped zinc selenide quantum dots trapped within the polyaniline (PANI) framework
structure. The biosensor’s interaction with the substrate was based on the capability of the
hemeprotein, horseradish peroxidase (HRP) enzyme (i.e., baroreceptor) to alternatively
catalyze phenolic alcohols. The biosensor displayed a significantly low limit of detection
limit (LOD) of value 0.2x 107° M towards 17B-estradiol. The Mechaelis-Menten constant
(K,,) with the magnitude of 0.64 x 1076 M was obtained; this indicates an outstanding affin-
ity of the biosensing films towards 17f-estradiol. Subsequently, the developed biosensor
was able to accurately and efficiently measure successive concentrations of 17f-estradiol
from 0.2x10 to 4x 107 M. The fabricated biosensor showed good selectivity towards
17p-estradiol compared to the other estrogenic endocrine-disrupting compounds such as
estrone (E1), ethnylstradiol (EE2), and estriol (E3). The biosensor was capable of detecting
17B-estradiol in spiked tap water samples with good recoveries, thus affirming its potential
to be applied for real electro-analysis of 17f-estradiol in treated wastewater.
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Introduction

17B-estradiol is one of the most potent natural estrogen with crucial physiological proper-
ties, attributable to its significant role during development and growth of the reproduc-
tive cycle, nervous system, and for partial regulation of many metabolic pathways [2]. The
same properties have prompted researchers in the branch of medicine to establish estro-
gen therapies, hence its fast-growing prescribed pharmaceutical use. 17f-estradiol is one
the most potent estrogens amongst other estrogens, due to its significant prevalence in the
environment and its toxicity. At even relatively low concentrations, 17f-estradiol can result
in complete disruption and impairment of the endocrine system [1], whose function is to
regulate the secretion and distribution of hormones in homo sapiens and other mammalian
species [2]. The endocrine system consists of a series of glands that secrete natural hor-
mones together with the associated receptors that respond to these hormones [3, 4]. Even
though steroid hormones such as 17p-estradiol play a significant role in regulation and
development of the reproductive system, estrogens possess major health risks to human life
and other vertebrates, predominantly aquatic species [3, 5, 6].

Estrogens at relative accumulative concentrations are also classified as estrogenic endo-
crine-disrupting compounds. These are chemical or exogenous compounds that disrupt
or interfere with the synthesis, secretion, binding, and action of natural hormones in the
endocrine system [3, 7]. Estrogens frequently bind to relative receptor sites and enzymes,
and have the ability to trigger spontaneous activity of the reproductive cycle, an occur-
rence observed in both males and females. Subsequently, these interactions can alter dis-
proportionate estrogen activity and result in complete interruption of the estrogenic and
reproductive cycle [8]. Potential estrogenic endocrine-disrupting compounds include natu-
ral steroids, synthetic hormones [9, 10] and other chemical compounds with significant
structural similarities to natural estrogens. Estrogenic endocrine-disrupting compounds
can be classified as natural female hormones (i.e., natural estrogens) and synthetic estro-
gens. Figure 1 illustrates the chemical structures of four well-known estrogenic endocrine
disruptors; 17p-estradiol (E2) estrone (E1), estriol (E3), and 17a-ethnylestradiol (EE2).
Ethnylestradiol-17a (EE2) is a synthetic estrogen and a major ingredient of most over-the-
counter contraceptives [5].

Endocrine disruptors are considered disruptors, not only by their chemical nature but
rather, by their biological significance and their impact on different organisms. Research
supported by data has indicated that endocrine disrupting compounds have been linked to
reproductive abnormalities in aquatic species [5, 6], complete impairment of the reproduc-
tive cycle in mammalian species [6, 7, 10], alteration of male characteristic, and carcino-
genicity [11] hence, estrogens are categorized as major contributors to ecosystem imbal-
ances [4, 5, 10, 12—14]. Research has also indicted that elevated estrogen levels have the
ability to induce abnormal proliferation of cancerous cells, and has been linked to breast
and lung cancer [2]. Regardless, physiological benefits and properties of estrogens such
as 17B-estradiol have provoked medicinal researchers to establish estrogen therapies. For
instance, hormonal replacement therapy (HRT) is a continuous therapeutic process pre-
scribed for treatment of menopause symptoms through use of a combination of estrogens
including 17p-estradiol in woman [15, 16] and has been popularized and recommended by
medical practices on a global scale. Although HRT has been proven to have health benefits,
the over-accumulation of estrogens during HRT treatment has been linked to augmenta-
tion, progression of cancerous cells and cardiovascular diseases in patient above the age
of 60 [16]. The inevitable growing use of steroid hormones in many agronomic and health
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interrelated sectors has resulted in their significant prevalence in the environment. Estrogen
are mostly released through human and animal urine or waste [14, 17], released from dairy
(i.e., eggs and milk) processing amenities and waste [18, 19]. These sources significantly
affect the already compromised quality of municipal water, the ecological system and are
major 17B-estradiol exposure pathways. Hence, estrogens are frequently released into the
environment through domestic wastewater and effluents from agronomic industries.

The precarious challenge is that most steroid hormones such as 17p-estradiol are not
completely catabolized or metabolized in the liver [20], eventually these chemical species
are released as discharges into the wastewater systems, resulting in estrogen dissemina-
tion, accumulation, and contamination. Hence, there is a great need for simple, modern,
rapid, and sensitive sensing tools, such as the one developed, to give insights and to screen
the prevalence of estrogens in the environment, especially 17f-estradiol compound. Con-
ventional wastewater treatment plants are not customized to completely eliminate estro-
gens, and they potentially leach-off into drinking water supplies. The elimination of the
estrogenic endocrine disruptors in the environment depend on many factors such as the
plant treatment mechanisms or water reclamation methods [21-23]. Wastewater treatment
plants have been designed to remove estrogenic disruptors but 100% removal efficiency is
still an obstinate target during water reclamation. Water is defined as the ultimate carrier
of many pollutants and other hazardous substances including exogenous endocrine disrup-
tors, making the effects of estrogenic endocrine-disrupting compounds prominent in our
ecosystem. Monitoring the trace concentration levels of endocrine-disrupting compounds
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Fig. 1 Four main examples of estrogenic endocrine-disrupting compounds (e-EDC), 17f-estradiol, estriol,
estrone, and synthetic estrogen 17a-ethynylestradiol
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is crucial for instance, for quantifying the efficacy and effectiveness of different treatment
methods and for profiling and tracking the full life cycle of endocrine disruptors and other
toxic pollutants. 17p-estradiol possesses major health risks to both human life and other
species. Henceforth, its prevalence in the environment can compromise the supply of qual-
ity drinking water, as many of the existing technologies are not designated to completely
remove 17f-estradiol. Studies have indicated that drinking water supplies such as tap water
and river water contain significantly low concentrations of 17f-estradiol [24, 25], which
is cause for concern. These observations are reliant on many factors, such as age, demo-
graphics, and population dynamics contributing to wastewater and so forth. Profiling and
mapping the occurrence of 17f-estradiol in different environments and population settings
plays a pivotal role in understanding their transport mechanism in order to track their life
cycle. Consequently, in order to develop and improve water reclamation procedures with
highest removal efficiencies for estrogens or 17f-estradiol specifically, as it possesses the
high disruption potency compared to other estrogens. A study on effects of 17p-estradiol
on different aquatic species indicated that concentrations from 0.02 nM and above 1.3 nM
of 17B-estradiol can cause abnormal sex differentiation ratios and reproductive abnormali-
ties to aquatic species over a long-term exposure [24].

Detection of 17p-estradiol is currently achieved through techniques such as chromatog-
raphy [10, 17], electroluminescence biosensing, and ELISA [26]. These techniques have
great accuracy and sensitivity [2] in the same degree they are complex, bulky and require
highly skilled operators for processing data analytics [1]. Electrochemical bio-sensing tech-
nologies for 17p-estradiol on the other hand can be effortlessly simulated and optimized
to possess supplementary advantages such as being simple, portable, yet maintaining the
same level of sensitivity, rapid detection, and accuracy. Electrochemical bio-sensors can
also be miniaturized and configured into portable user-friendly devices to detect a range
of compounds and pollutants. Chang Zhu and co-workers recently developed a highly sen-
sitive electrochemical aptamer-based biosensor for 17f-estradiol using graphene grafted
electrodes [27]. In another work, Kamila Spychalska and co-workers developed an enzyme-
based biosensor for 17f-estradiol using poly(4,7-bis(5-(3,4-ethylenedioxythiophene)
thiophen-2-yl)benzothiadiazole) and HRP enzyme, the biosensor demonstrated good sen-
sitivity, selectivity, and a wide dynamic linear range [7]. Normazida Rozi and co-workers
recently developed and reported an electrochemical aptameric biosensor for 17f-estradiol.
The 73mer aptamer was conjugated and immobilized onto the poly(pyrole-co-pyrole-3-car-
boxylic acid) copolymer attached onto a screen-printed electrode. The immobilization of
the polymer on the electrode surface significantly improved the conductivity of the bare
electrode measurable by the low charge transfer resistance [28]. Although aptameric based
electrochemical biosensing systems demonstrate good sensitivity and selectivity towards
the detection of 17f-estradiol, aptamer bio-receptors are produced through complex and
time-insensitive techniques such as selective evolution of ligands by exponential enrich-
ment (SELEX).

Amongst many metal chalcogenide, ZnSe quantum dots in particular have been well
explored in applications such as photo-catalysis [29], due to their size-dependent and tune-
able opto-electronic properties. However, due to their interesting and a wide band gap
energy of 2.7 eV [30], they could also be ideal platforms for tunneling electrons, due to
presence of defected charge carrier sites in their crystal structures. Particle size diameters
of quantum dots can vary from 2 to10 nm [31]. The small sizes of quantum dots could be
translated into enhanced surface area to volume ratio hence enhanced surface reactivity.
Quantum dots (QDs) can also be conjugated to complex micro-structures or biomolecules
such as enzymes, peptides, antibodies, antigens, aptamers, DNA/RNA fragments, and cells,
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for various nano-biosensing applications [32]. Compared to other metal chalcogenide and
binary quantum dot systems, ZnSe nanocrystals possess better advantages such as being
simple to produce. They are also fabricated from cost-efficient, environmental friendly, and
non-toxic elements such as zinc metal-ions and selenide ions. Quantum dots can be rein-
forced or blended with conducting polymers for the development of opto-electrical devices
and electrochemical sensing applications, and for establishment of other new properties
and applications. The blending of quantum dots with conducting polymers could drasti-
cally improve for instance their electrical conductivity and charge carrier concentrations.
There are several well-researched techniques for preparing quantum dot-polymer nanocom-
posites, such as drop-casting, surface passivation, covalent coupling, chain-end attachment
layer by layer assembly, and direct grafting of quantum dots into polymers [33-36].

Polyaniline (PANI) is known for its remarkable electrical conductivity; this is attrib-
uted to its cyclic conjugated m-m bond system and the presence of amine polarons [37],
making it a preferred material choice for various electrochemical applications. In addition,
PANI possesses good environmental stability, high mechanical strength, and has high sur-
face area [38]. PANI can be produced through simple methods such as chemical oxidation
of its monomer and aniline in the presence of a strong oxidizing agents such as ammonia
persulfate (APS); moreover, conducting polymers such as PANI can be produced through
electrochemical induced polymerization (i.e., electro-polymerization) of the aniline mono-
mer [38—44].

Hydrogen peroxidases (HRP) from the superfamily of peroxidase [45] and cytochromes
P450 enzymes [46—48] are both heme group-containing isozymes even though the arrange-
ments of their a-helix, B-sheet, and amino acid groups on the active site are contrast. HRP
hemeprotein functions by generating reactive oxygen radicals at the iron-histidine-linked
catalytic site [49] that subsequently react with various peroxidase substrates and are types
of oxido-reductase enzymes [50]. Meanwhile, cytochromes P450 enzymes function by
incorporating oxygen molecules into organic compounds and other substrates using the
reactive iron-cysteine complex active site, hence are called heme-cysteine monooxyge-
nases [51]. In particular, cytochrome P450 3A4 enzymes have shown to have high effi-
ciency to metabolize and detoxify many xenobiotic compounds [47]; it is often obtained
through manipulation of fauna species. Undifferentiated from cytochrome P450 enzymes,
HRP can also mediate and catalyze the hydroxylation of organic compounds [52]. Com-
pared to other enzymes expressed from complex organism, hydrogen peroxidase can be
mostly extracted from root horseradish [53], isolated from plants [54], hence its extraction
approach is much more sustainable. Peroxidase enzyme which is a type of hemeproteins
does not only catalyze the oxidation of H,O,, but can be modified on electrode surfaces
for electro-catalysis of other substrates such as hydro-peroxides, aromatic amines, organic
hydro-peroxides, and a range of phenolic compounds [55]; this could also include xenobi-
otic compounds. The electron transfer kinetics occurring at the enzymes and proteins is an
interesting concept that could be used to discover and understand many physiological redox
processes [56]. This is done through modification of electrode surfaces with enzymes and
proteins, a founding principle of biosensors and bioreactors.

Researchers Monireh Besharati Vineh and co-workers immobilized HRP enzyme onto
functionalized reduced graphene oxide-SiO, nanocomposite and successfully used the plat-
form to decompose various dyes and phenols [57]. Ru Xu in another study, immobilized
the HRP enzyme onto the electrospun poly(methyl methacrylate-co-ethyl acrylate) micro-
fibers for degradation and adsorption of bisphenol A [53].

In this work, a polyaniline (PANI)/3-mercaptopropionic acid capped zinc selenide
quantum dots (3MPA-ZnSeQDs) nanocomposite was produced through a straightforward
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entrapment of the 3MPA-ZnSe quantum dots into PANI during electro-polymerization
of aniline. Due to their narrow bandgap, ZnSe quantum dots exhibit intermediate electro-
chemical properties, in the same manner attributable to its excellent conductivity: PANI
was introduced to improve the overall electrochemical conductivity of the bio-sensing elec-
trode. The 3-mercaptopropionic acid capping ligand on the surface of ZnSe quantum dots
enhanced the susceptibility of the mediator film to bind to HRP enzyme, used as the bio-
receptor. The PANI:3MPA-ZnSeQD nanocomposite did not only facilitate the transfer of
electrons during the detection of the target analyte, but also played a significant role in
enhancing the sensitivity of the bio-sensing platform. Nano-sized quantum dots allowed
for high loading of the enzyme onto the sensing electrode, making it compatible for its
intended bio-sensing application. This is attributable to both their high surface area to
volume and the chemical functionalities of the capping ligand around the surface of the
ZnSe quantum dots. For the first time, we report a horseradish peroxidase (HRP) enzyme
integrated onto the PANI:3MPA-ZnSeQD nanocomposite to fabricate a biosensor to detect
17p-estradiol. The PANI:3MPA-ZnSeQD/HRP-based electrochemical biosensor demon-
strated excellent sensitivity, a significantly low detection limit, and high binding efficacy
towards 17p-estradiol. Horseradish peroxidase enzyme is well known to catalyze the oxi-
dation of peroxides. However, in this study, we demonstrated that a blend of horseradish
peroxidase with PANI:3MPA-ZnSeQD nanocomposite could be a potential coenzyme
material to not only expedite the effective electron transport but the HRP/quantum dot pol-
ymeric nanocomposite blend efficiently catalyzed the oxidation of preferable 17p-estradiol.
The binding kinetics and mechanism of the HRP enzymes immobilized on the electrode
surface upon its interaction with 17f-estradiol were used to establish biosensor parameters
such as binding efficacy to the analyte of interest. The developed nanobiosensor parameters
were benchmarked and comparable to assays and biosensors reported in literature, the bio-
sensor had an added benefit of being straightforward and miniaturize-able.

Materials and Methods
Materials

All chemicals used in this study were of analytical grade and purchased from Merck
(Johannesburg, South Africa). This include sodium phosphate monobasic anhy-
drous >98%, sodium phosphate dibasic anhydrous>98%, zinc nitrate hexahydrate
98%, selenium powder 99.99%, trace metal basis, sodium borohydride 99.99% trace
metal basis, 3-mercaptopropionic acid (3MPA)>99%, sodium hydroxide >97%, ani-
line 99.5%, hydrochloric acid 37%, potassium hexacyanoferrate(Il) trihydrate >99.95%,
potassium hexacynaferrate (III)>99%, horseradish peroxidase (HRP) {type VI, essen-
tially salt free,>250 units/mg solid, EC 1.11.1.7}, bovine serum albumin (BSA) {lyo-
philized powder, crystallized >98.0%, glutaraldehyde solution 50%, 17p-estadiol >98%,
17a-ethynylestradiol >98%, estrone >99%, and ethylenediaminetetraacetic acid (EDTA)
99.4-100.6%}. The 0.1 M phosphate buffer solutions (PBS) of pH 7.4 were prepared from
sodium phosphate monobasic anhydrous and sodium phosphate dibasic anhydrous using
ultrapure water filtered by Ris-millipore filtering system. The 50% glutaraldehyde solution
was used as the binder to attach the HRP enzyme on nanocomposite-modified electrode,
BSA was used to control-unspecific binding.

@ Springer



Applied Biochemistry and Biotechnology

Methods
Instrumentation

Transmission electron microscopy (TEM) images and energy dispersive X-Ray (EDX) spectra
were recorded on a Tecnai G2 F20X-Twin MAT 200-kV Field Emission Transmission Electron
Microscope from {Field Electron and Ion (FEI) Company Hillsboro, OR, USA}. Fourier trans-
form infrared (FT-IR) spectra were recorded on a 100 FT-IR spectrometer (PerkinElmer Incor-
porated, Waltham, MA, USA). The ultraviolet—visible (UV-Vis) spectrums were done in quartz
cuvettes on Nicolet Evolution, 100 UV-visible spectrophotometer (Thermo Electron Corpora-
tion, Waltham, MA, USA). All voltammetry experiments were carried out with a BAS 100 W
Electrochemical Analyzer {Bioanalytical Systems Incorporated (BASi), West Lafayette, IN,
USA}. The Nyquist plots were recorded on an Autolab PGSTAT 320 N potentiostat/galvanostat
(Metrohm, Cape Town, South Africa) operated using Voltalab version 4 software. The electro-
chemical impedance spectroscopy (EIS) data was fitted and simulated using ZView software.

Synthesis of 3-Mercaptopropionic Acid-Capped ZnSe Quantum Dots

Briefly, 0.03 g zinc nitrate hexahydrate salt was dissolved in 50 mL ultrapure water con-
sisting of 69.9 pL. of 3-mercaptopropionic acid (3MPA). The pH of the resulting solution
was then adjusted to 8 using 0.1 M NaOH. The solution was then stirred under N, saturated
atmosphere for 2 h at 25 °C. After which, 10 mL of 0.02 M selenium ions (i.e., prepared
by chemical reduction of 0.2 mmol selenium powder by equivalent molar of NaBH,) was
slowly introduced using a micro-syringe. The quantum dots were then allowed to nucleate for
1 h at 25 °C, under inert atmosphere. The resulting 3-mercaptopropionic acid-capped ZnSe
quantum dot (3MPA-ZnSeQD) solution was immediately transferred into the refrigerator,
at—20 °C for 5 min to quench the size escalation. The water-soluble 3MPA-ZnSeQD final
solution was then washed with absolute ethanol through centrifugation at 5000 rpm. The as-
prepared 3MPA-ZnSeQD nanomaterials were stable for several days when kept at 4 °C.

Electrochemical Synthesis of PANI

The electro-polymerization or electrochemical synthesis of PANI was performed on a
gold electrode surface. A potential window between 1100 and —200 mV and a scan rate
of 100 mV s~! were used. Ten voltammetric cycles were performed in an inert solution
containing 3000 pL of 0.1 M aniline and 1 mL of 1 M HCI. The formation of PANI onto
the surface of the gold electrode was attested by cyclic voltammetry (i.e., shown in the
supplementary material, Fig S1 A) and the appearance of the emerald base derivative of
PANI onto the working electrode surface. In order to etch-off and re-disperse the PANI,
for ex situ analysis, the gold electrode surface modified with PANI was immersed into
an absolute ethanol solution.

Preparation of the PANI:3MPA-ZnSeQD Nanocomposite

Similar to the “Electrochemical Synthesis of PANI” section, cyclic voltammetry
was used to prepare the polyaniline: 3MPA-ZnSe quantum dot nanocomposite. The
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parameters were kept consistent as previous. A gold disk electrode was immersed in
a solution containing: 3000 pL, of 0.1 M aniline solution, and 40 pL of the 3MPA-
ZnSeQD nanomaterials in 960 pL of 1 M HCI. Then after, 10 cyclic voltammetry scans
were performed at 100 mV/s, at a potential window between 1100 and —200 mV. The
resulting PANI:3MPA-ZnSeQD nanocomposite-modified gold electrode surface was
washed with de-ionized water to remove unreacted or unbound residues of aniline.
Manelahalli and co-workers mentioned that the doping of PANI could be achieved
using many approaches, one strategy being doping of the PANI during electrochemical
polymerization. This is done by creating inter p-doped and n-doped states on the sur-
face of the polymer [58]. These are anticipated then to interact with either n- or p-states
of the dopant. In our case, the carboxylate ion provides negative surface charges that
could effortlessly interact with p-doped NH?®* states of the polyaniline, providing a very
stable interaction. The formation of the PANI:3MPA-ZnSeQD nanocomposite was also
attested by cyclic voltammetry characterization displayed in the supplementary mate-
rial, Fig S1 B.

Fabrication of the AUE/PANI:3MPA-ZnSeQD/HRP Biosensor Electrode

The HRP enzyme was introduced onto the PANI:3MPA-ZnSeQD-modified electrode
by drop-casting of 2 pL of the 2.8 x 107> M HRP. Precisely, 0.2 uL of 2% glutaral-
dehyde solution was used as the binder to crosslink the HRP enzyme molecules with
the PANI:3MPA-ZnSeQDs modified on the gold electrode surface. This was done to
achieve adequately enhanced stability of the enzyme biomolecule on the surface of the
transducer. The HRP enzyme in this case is expected to covalently attach to the surface
of the nanocomposite through its N-terminus/amine amino acids via amine and carbox-
ylic acid functional groups from the PANI:3MPA-ZnSeQD nanocomposite by means
of glutaraldehyde cross-linking strategy. The partial negative charges on the carboxy-
late ion functional groups from the capping ligand of quantum dots dissipate the charge
along the polymer matrix in order to create sites for electrostatic attachment of the HRP
enzyme molecules. The AuE/PANI:3MPA-ZnSeQD/HRP biosensor electrode was then
carefully washed with ultra-pure water to remove any unbound molecules. Then after,
2uL of bovine serum albumin (BSA) solution was drop-cast onto the AuE/PANI:3MPA-
ZnSeQD/HRP-modified electrode surface to control the un-specific binding, through
insulation of the bare or exposed gold electrode sites. The AuE/PANI:3MPA-ZnSeQD/
HRP biosensor was then used for electrochemical characterization and analysis. A
schematic illustration in Fig. 2 demonstrates the development of an AuE/PANI:3MPA-
ZnSeQD/HRP biosensor electrode for sensing the 17f-estradiol (E2) compound.

Preparation Of Real Samples

Real samples were prepared by spiking different concentrations (0, 2, and 3 uM) of
17B-estradiol into tap water. No further pre-treatment step for the prepared samples was
required. Two hundred microliters of tap water samples and 200 puL of 0.1 M phosphate
buffer solution of pH 7.4 were efficiently mixed using a Votex'™ shaker for 3 min at
5000 rpm. Then after, the prepared 17p-estradiol-spiked samples were analyzed using
the developed bio-sensing electrochemical method.
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Results and Discussion
Chemical Structure Analysis

The FT-IR spectrum of the PANi:ZnSeQDs with different ratios of aniline to 3-mercap-
toproinic acid capped ZnSe quantum dots is shown in Fig. 3a. The aniline:ZnSe quan-
tum dot ratios of 1:1, 1:2, 1:4, 2:1, and 4:1 resembled very similar spectra attributed to
similarity in the conservation and distribution of the chemical functional groups. How-
ever, a good distribution of functional groups from both PANi and 3MPA-ZnSe quan-
tum dots were obtained when the ratio of the polyaniline and 3MPA-ZnSe quantum dots
was 1:2, as seen in Fig. 3a. This is evidenced by high transmission percentages attained
compared to other ratios, entailing exposure of a high degree of chemical functionali-
ties, with limited shielding effect from either PANI or 3MPA-ZnSeQD nanomaterials.

As exhibited in the spectrum demonstrated in Fig. 3b, the strong to medium bands at
2901 cm™! and 1560 cm™' in the spectrum of PANI are a characteristic of C-H stretch
and C=C vibrational stretch of the benzenoid ring [59] respectively, while the bands
observed at 1243 cm™' and 1000 cm™! could be assigned to the vibrational stretch of the
C-N bond of the benzonoid ring and C-H in-plane bending mode from the aromatic ring
respectively [60].

The presence of the 3-mercaptopropionic acid capping ligand on the surface of the
ZnSe quantum dots was evidenced by the appearance of a strong to medium vibrational
bands at 3276, 1590, 1339 cm™!, and 831 cm™' indexed in the spectrum displayed in
Fig. 3b). These stretching frequencies are attributed to vibrational bands of O-H. C=0,

NH, PANI:3MPA-ZnSeQD

R
In-Situ Polymerization

Gold

3MPA-ZnSeQD
Electrode e
PANI:3MPA-, /nS(()l) HRP
HRP Enzyme
2%
Glutaraldehyde
CHy OH
Catalysed-E2 E2

HO

Fig.2 Schematic representation of the development of the AuE/PANI:3MPA-ZnSeQD/HRP biosensing
electrode
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O-H bending, and C-H bending modes from the 3-mercaptopropionic acid, respectively.
The attachment of the 3-mercaptopropionic acid ligand on the surface of the quantum
dot core indeed occurred through the thiol terminus functional group which interacted
with the Zn metal center of the ZnSe quantum dots. This was affirmed by the appear-
ance of the metal-sulfide strong vibrational band at 662 cm™! (i.e., Zn-S bond in this
case) [60, 61].

There was no significant change in the chemical structure of the emerald salt of
PANI upon doping with 3MPA-ZnSe quantum dots as indicated by the FTIR spectrum
presented in Fig. 3b. The FTIR indicated a strong evidence of the presence of both
3MPA-ZnSe quantum dots and nanostructured PANI. However, what was interesting to
note was that there was an appearance of the new asymmetric ¥(C=0) strong band at
1644 cm™!. A significant shift in the appearance of the v(C=0) vibrational frequency
may also indicate the conversion of the carboxylic acid functional group into an amide
functional group. This could have been facilitated by the amine functional groups from
polyaniline and the carboxylic acid functional groups from the 3MPA capping ligand
from the ZnSe quantum dots. The shift in the vibrational stretching frequency v(C=0)
however provides a strong evidence of a strong interaction that occurred between the
quantum dots and the polyaniline.

Size and Morphology Studies

To confirm the formation of the nanocomposite, morphology, and particle size distri-
bution of the materials, 3MPA-ZnSeQDs, PANI, and PANI:3MPA-ZnSeQD materials
were examined using transmission electron microscopy (TEM) analysis coupled to an
energy dispersive X-Ray (EDX) analyzer. Figure 4A, C, and E represent the obtained
TEM images for 3SMPA-ZnSeQD nanomaterials, PANI, and PANI:3MPA-ZnSeQD com-
posite, respectively. The corresponding EDX spectra are displayed in Fig. 4B, D, and F.
Figure 4A demonstrates that the 3MPA-ZnSe quantum dot nanomaterials had an average
particle size (APS) of 5.3+0.93 nm. The EDX elemental analysis in Fig. 4B confirmed
a good distribution of both the Zn and Se atoms in the ZnSe quantum dots, in addition
confirmed the presence of a significant percentage of C, H, and S elements resulting
from the 3-mercaptopropionic acid capping ligand. The 3MPA-ZnSe quantum dots were
mono-dispersed with minimal agglomeration. The agglomeration effect demonstrated
by the 3MPA-ZnSe quantum dots was also observed by Uzma Menon and co-workers
when investigating the morphological features of ZnSe quantum dots with different stoi-
chiometry [62]. The effect of aggregation could also be influenced by the size or length
of the alkyl chain of the capping ligand. Nano-sized quantum dots have much more
improved surface area to volume ratio [60], hence have the ability to efficiently enhance
the surface area of the composite and are good platforms to capture a significant degree
of enzyme biomolecules on the bio-transducer surface. This interaction is also facili-
tated by the distribution of the conserved functional groups from the capping ligand
of the quantum dots that are often utilized as cross-linkers to immobilize biomolecules
such as enzymes. TEM studies of PANI in Fig. 4C, demonstrated nanofibers arranged
in a form of a network structure. The thicknesses of the as-synthesized PANI fibers was
measured to be approximately 40 nm. The EDX spectrum of PANI demonstrated the
presence of high percentage of C attributable to the carbon atoms of the polyaniline.
The significant percentage of oxygen elements is due to the adsorbed methanol solvent
matrices, used as the polymer dispersant.
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ZnSeQD composite

As seen in the TEM image represented by Fig. 4E, the quantum dot nanocrystals
were evidently bound or adhered onto the polymer fibers. Subsequently, 3MPA-ZnSe
nanoparticles were well distributed onto the surface of PANI, evidencing the successful
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formation of the polyaniline:3MPA-ZnSe quantum dot nanocomposite. Adherence of
the 3MPA-ZnSe quantum dots onto the polyaniline had inconsequential effect on the
quantum dot nano-crystallite sizes. The presence of the 3MPA-ZnSe quantum dots onto
the PANI fibers was also evidenced by the EDX analysis shown in Fig. 4F. The EDX
spectrum of the PANI:3MPA-ZnSeQD nanocomposite evidenced the presence of a
percentage of element C, O, S, Zn, and Se assigned to both the presence of the poly-
aniline and 3MPA-ZnSe quantum dots. Although the EDX spectrum of the composite
PANI:3MPA-ZnSeQDs resembles that of the PANI alone, the intensity of the C atoms
was higher, further reinforcing the presence of the polyaniline. The presence of PANI
fibers within the composite was however very evident based on the presented corre-
sponding TEM image. The successful incorporation of the 3MPA-ZnSeQDs onto the
polyaniline network was also confirmed by the electrochemical characterization (i.e.,
alluded to in Sect. 1.1 of the supplementary document) of the PANI before and after
incorporation of the quantum dots, which yielded significantly divergent electrochemi-
cal behavior. Chaitanya and co-workers mentioned that a combination of polymer net-
work and quantum dots is envisioned to have improved surface area, contributed by high
surface area of the nanopolymer fibers and the small sized quantum dots [60]; this is
also an ideally required property for its intended electrochemical application.

Opto-electrochemical Properties

The magnitude of the bandgap energy of nanomaterials and materials could be efficiently
employed to predict their redox behavior. Optical band gap energies (E,)s of (DPANI, (1)
3MPA-ZnSe quantum dots and (III) PANI:3MPA-ZnSe nanocomposite were estimated
from the absorbance energy bands using Tauc’s photon energy approximation, which
relates the nanomaterial’s optical properties to its photon energy properties. Tauc’s equa-
tion is presented by Eq. (1) [63-66].

ahv = c(hv — E,) ' (1)

In the equation, « is the absorption co-efficient, % is the Planks constant, v is the fre-
quency of the absorbed photons, c is the speed of light, and E, is the photon band gap
energy. The x-intercept of Taucs’s plot designates the indirect band gap of a semiconduc-
tor or conducting material. The nanomaterials; PANI, 3MPA-ZnSeQD, and PANI:3MPA-
ZnSeQD nanocomposite had band gap energies of 3.82, 4.4, and 4.5 eV respectively
estimated from Tauc’s plots illustrated in Fig. SA. The presence of 3MPA-ZnSeQD nano-
materials within PANI significantly increased its indirect band gap energy by 0.58 eV. This
could be attributable to the incomplete electron—hole recombination process [67], due to
the availability of other higher energy inter-conduction bands contributed by the quantum
dots. Hence an increased energy gap which could be translated to the reduction in the elec-
tron conductivity was observed. This phenomenon could be ascribed to the semiconducting
nature of the 3MPA-ZnSe quantum dots.

To understand the redox behavior of the as-produced materials, electrochemical imped-
ance spectroscopy (EIS) study was performed on the standard three-electrode system in
an electrolyte solution containing two redox active probes: 5 mM Fe(CN)*>~ and 5 mM
Fe(CN )64_ in 0.1 M PBS. For EIS studies, an applied formal potential (E”) of 204 mV in a
single step mode between the impedance frequency range of 1 MHz to 1 kHz was applied.
The EIS is capable of determining charge susceptibility of modified surfaces in relation
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to the electrode/electrolyte interfaces. The charge transfer properties of polyanaline nano-
composites could be effortlessly determined through evaluation and monitoring of charge
transfer resistances (R,), represented by the semi-circles of the Nyquist plots at high fre-
quencies and the Warburg diffusion process occurring at low frequencies [44]. The EIS
Nyquist plots are shown in Fig. 5B, the data was fitted using Z.,,™ software to estimate
the R, values. The Nyquist plots of 3MPA-ZnSe quantum dot-modified gold electrode sur-
face revealed the highest charge transfer resistance; R of 6 k€, followed by the unmodi-
fied gold electrode with the R, magnitude of approximately 3.3 k€. The variation in the
R, values after the electrode modification process with the two materials also confirmed
the successful mobilization of the electrode surface with the specified nanomaterials. The
R, of the PANI:3MPA-ZnSeQD nanocomposite films-modified gold electrode showed a
charge resistance R, of 1.25 kQ; this was the lowest charge transfer resistance amongst the
studied materials. Modification of the electrode surface with PANI:3MPA-ZnSeQD films
improved the charge transfer redox properties of the electrode surface, hence improved
its capacitive behavior, electron channel and conductivity. This is as a consequence of the
presence of a highly conductive PANI within the nanocomposite, which has negligible
charge transfer resistance in ferric/ferro-cyanide probe. Hence, the assumption that PANI
improves the overall conductivity of the platform was consistent with EIS data. The surface
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Fig.5 A Tauc’s plot of bare (I) PANI, (I) 3MPA-ZnSeQD nanomaterials, and (III) PANI:3MPA-ZnSeQD
(P:QD) composite. B The corresponding Nyquist plots of (I) bare gold electrode (II) 3MPA-ZnSeQD, and
(II) AuE/PANI:3MPA-ZnSeQD-modified electrodes in K;Fe(CN)4 and K,Fe(CN), redox probe and 0.1 M
phosphate buffer solution (PBS). C Corresponding band gap representation
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coverages of the films on the electrode surface were estimated using Eqgs. (2) and (3) relat-
ing the charge transfer resistances (R.) with the electrode surface coverages (0) [68]:
For 3MPA-ZnSeQD nanomaterials modified on the gold electrode:

Rbare
_ ct
0 =1~ —XEmazsa @
ct
For the PANI:3MPA-ZnSeQD composite films modified on the gold electrode:
Rbare
_ 11 _ ct
0=11 RAuE/PANl3MPA—ZnSeQD 3
ct

The parameter 6 is the surface coverage, R, is the charge transfer resistance of the
bare gold electrode, R, MPAZ0SeQD gpd g PANESMPA=ZnSeQD "are charge transfer resistances
of the 3MPA-ZnSe quantum dots and PANI:3MPA-ZnSeQD nanocomposite-modified
gold electrodes respectively. The surface coverage, 6 of the; 3MPA-ZnSeQD nonmate-
rial and PANI:3MPA-ZnSeQD-modified gold electrodes were found to be 4.5 and 1.461
respectively. A low surface coverage could be an indication of a typical thinner layer
covering on the electrode surface, thus faster exchange of charged species (i.e. ions) and
electrons within the electrode’s capacitive and diffusion layer. This then affirms that the
PANI:3MPA-ZnSeQD nanocomposite was the most efficient and highly conducting mate-
rial, hence an excellent mediator for the effective ion and electron permeation on the elec-
trode interface.

The Analytical Performance of the AuE/PANI:3MPA-ZnSeQD/HRP Biosensor

Detecting 17p-estradiol at even its sub-zero concentrations is mandatory for the sustain-
ability of our ecosystem and for maintaining high drinking water standards. The perfor-
mance of the designed biosensor was evaluated using differential-pulse voltammetry
(DPV). The DPV measurements were carried out under aerobic and anaerobic conditions.
Anaerobic conditions were achieved by degassing the phosphate buffer solution (PBS) for
about 10 min with a purge of argon gas to remove the dissolved oxygen molecules and
keeping an argon blanket on top of the solution during the analyte concentration meas-
urements. For aerobic measurements, the degassing step was eliminated completely. The
responses of the biosensor to 17p-estradiol (E2) were monitored and recorded at a poten-
tial window between—600 and 400 mV. The developed biosensor electrode responses
increased linearly and proportionally with increasing concentrations of 17f-estradiol from
concentrations between 0.5 and 4 uM, as depicted in Fig. 6A, measured at a formal peak
potential (E})= —163+22 mV. This was an indication of a good affinity of the HRP mobi-
lized on the electrode surface with analyte 17p-estradiol. This cathodic peak was suggested
to be due to current response generated and induced by the electron, ion, or proton trans-
fer reaction occurring at the biosensing electrode interface. In the same order, an insig-
nificant cathodic potential shifts after continuous additions of 17-estradiol were observed.
The cathodic or anodic potential shift can often be contributed by the moderation of the
oxidation state of the enzyme’s active site or catalytic center. A linear regression equa-
tion for the calibration curve, shown in Fig. 6B, was determined to be I(uA)=0.074(uA/
uM) +0.1(pA), R>=0.98. The limit of detection (LOD) was calculated to be 0.2 M
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(S/N=3). Oxygen poisoning is a very common adverted phenomenon in enzyme bio-
sensors. This occurs when the bio-transducer interacts with the dissolved oxygen mole-
cules, resulting in oxygen poisoning or adsorbed oxygen layer on the bio-transducer. Most
enzyme have oxygen adsorption capabilities, capture dissolved oxygen molecules, and use
them as co-modulators during catalysis of their substrates. The adsorption of oxygen mol-
ecules in a bio-transducer can result in loss of sensitivity and bio-receptor fouling [69].
However, the developed biosensor, AuE/PANI:3MPA-ZnSeQD/HRP electrode, was insig-
nificantly affected by the presence of dissolved oxygen species as depicted in the catalytic
DPV responses demonstrated by Fig. 6C and D. This could be attributed to mediating
layer’s ability to quench and reduce oxygen molecules, thus allowing solely electrons and
protons/ion to channel or hop through the electrode’s double-layer interface. Subsequently,
oxygen molecules are also a pre-requisite to most HRP enzymatic reactions. This predic-
tion is also revealed and referenced in the HRP catalytic mechanism illustrated in the “The
AuE/PANI:3MPA-ZnSeQD/HRP Bio-sensor Electrode Mechanism” section. As demon-
strated in Fig. 6C, the higher response currents were generated by the biosensor under aer-
obic conditions, hence an indication of a much more improved sensitivity. The sensitivity
of the biosensor was increased from 0.074 to 0.5 pA/uM in the presence and absence of
oxygen molecule in the electrolyte, respectively. The linear regression equation extrapo-
lated from the calibration curve shown in Fig. 6C for the biosensor at aerobic conditions
was I(uA) =0.5(uA/uM) +0.78(uA), R*=0.94. Its dynamic linear range was determined to
be from 0.5 to 2.5 uM, and an LOD of 0.03 uM (S/N=3) was established. It is also impor-
tant to note that the redox response peaks assigned to the interaction of the biosensor with
the 17f-estradiol shifted to much lower redox potentials and were observed at the formal
potentials (E,) of —25.7+7.2 mV. Hence, it can be obviously concluded that the oxygen
molecules drastically lowered the overall onset potential energy at which the 17f-estradiol
is expected to be oxidized. Therefore, oxygen could be used as an efficient co-molecule to
minimize the electrochemical energy demand of the electrolytic cell under study.

The electrochemical behavior of the biosensor towards different concentrations of
17B-estradiol at both conditions was further explained by the use of the fitted hill pseudo-
hyperbolic curves and biosensor responses that are demonstrated in the graphs presented
by Fig. 6B and D. The Michaelis-Menten model could be employed to estimate the
enzyme—substrate binding kinetic behavior at the electrode surfaces and diagnose if the
enzyme catalysis at the interface is the rate determining step [70]. Adopted from literature,
the Michaelis—Menten model [71-73] in this case would be presented as highlighted in

Eq. (4).
i [17[3 — estradiol]

i _ lmaX (4)
" [17B - estradiol| + K,

The parameter i, are the peak currents, i,  is the maximum response current,
[17B-estradiol] is the concentration of 17P-estradiol, and K, is the substrate-enzyme
binding affinity constant (i.e., the Michaelis-Menten constant). The Michaelis—Menten
constant (K,)) describes the efficacy of the enzyme to catalyze a specific substrate. On a
condition that the enzyme—substrate catalytic reaction occurring at the electrode interface
is significantly fast, the response current signals are expected to conform to the Michae-
lis-Menten model [70]. The catalytic reaction between 17p-estradiol and HRP enzyme
covalently bound onto the biosensor electrode interface fitted well with the modified
kinetic model, however only at aerobic conditions. The K (s) and i, /2 values were cal-
culated to be 0.64 uM and 2.33 pA respectively. However, under anaerobic conditions, the
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Fig.6 A DPV responses and B corresponding calibration plot of the AuE/PANI:3MPA-ZnSeQD/HRP bio-
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responses and D corresponding calibration plot of the biosensor under aerobic conditions at {i.e., 0.0, 0.5,
1.0, 1.5, 2, 2.5 uM of 17B-estradiol }

catalytic reaction between the HRP enzyme and 17-estradiol did not inevitably follow the
Michaelis—Menten model, as significantly high values of the K, and i, ,,/2 were obtained,
despite that fact that the [17f-estradiol]-biosensor responses showed a strong indication of
a pseudo-hyperbolic saturation behavior. The developed biosensor showed excellent elec-
trochemical performance towards the detection of 17f-estradiol, and its sensing parameters
was benchmarked against biosensors and assays reported in literature alluded to in Table 1.
The sensitivity of the biosensor could however be drastically enriched by incorporating
high concentrations of the HRP enzymes and the high concentration of the nanocomposite
for further amplification of the electrochemical signal generated; however, thick electrode
surfaces are mostly prone to electrode fouling.
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The Specificity of the Biosensor

Selectivity of the biosensor is a very crucial parameter for the practical application of the
biosensors and sensing devices. In order to establish whether the developed biosensor
could mediate any catalytic change in the presence of similar compounds to 17p-estradiol,
the differential pulse voltammetry responses of the biosensor to other estrogenic endo-
crine-disrupting compounds with high structural similarity index to 17p-estradiol were
studied. The DPV responses are displayed in Fig. 7A to F. Compounds, estrone (El),
17a-ethinylestradiol (EE2), and estriol (E3), were chosen and their structures are shown
in Fig. 1, in the “Introduction” section. Ethnylestradiol-17a (EE2) is another type of syn-
thetic-estrogen used as a major ingredient during production of female oral contraceptives-
administered for birth control [3, 10, 14]. EE2 shares a similar structure with the E2; how-
ever, the hydrogen at the 17th carbon position of the estradiol is replaced by an additional
carbon-linked alkyne group [10]. Estriol is characterized by the presence of additional OH
functional groups at the 16th position of the E2 steroid backbone.

No successive catalytic responses were mediated by the biosensor in the presence of
estrone (E1) at concentration above 0.5 uM in the electrolyte solution, as demonstrated in
Fig. 7A and B. Due the similarity of estriol (E3) to 17f-estradiol, it was expected that the
biosensor would be responsive towards E3, however, no concentration-dependent electro-
analytical responses were observed for estriol (E3) as well, as indicated in Fig. 7C and D.
Most often, the substrate initially interact with the enzyme’s active site, mobilized on the
electrode surface before any catalytic reaction is stimulated. This interaction occurs via
hydrogen bonding with the corresponding amino acids at the enzymes active site, this is
alluded to and referenced in details in the “The AuE/PANI:3MPA-ZnSeQD/HRP Bio-sen-
sor Electrode Mechanism” section. Nevertheless, the hydroxyl functional group at the 16th
position of the estriol steroid backbone might have sterically hindered the ability of the
substrate to be hydroxylated. Hence, the active site is then expected to remain unchanged,
and no enzyme catalytic reaction is expect to occur for that reason. It is interesting to
note that the biosensor responded slightly good to addition of a single concentration of
17a-ethinylestradiol (i.e., 0.5 uM) at a formal potential of —200 mV, as displayed by the
DPV responses in Fig. 7E and F. At concentrations above 0.5 to 1.5 uM, the EE2 analyte
induced concentration-dependent electroanalytical response signals at the formal potential
(E,)=—62 mV. This could be attributable to the selectivity of the HRP bio-receptor (i.e.,
mobilized on the bio-transducer) to phenolic alcohols. HRP enzymes are well known to
induce catalytic effect on substrates such as; aromatic alcohols, phenolic compounds, and
peroxides [72, 73, 76]. Nonetheless, the redox potential induced by EE2 is however dis-
similar to the reduction potential at which the electroanalytical responses of the biosensor
towards 17B-estradiol were observed. Hence, the developed biosensor seemed to have a
good preference towards successive addition of 17f-estradiol over other estrogenic endo-
crine-disrupting compounds, measureable at a distinct potential. Hence, possessed accept-
able selectivity especially at concentrations of the analyte above 0.5 pM. The comparison
of maximum biosensor responses to different estrogenic compounds are summarized in
Fig. 7G.

Despite the fact that HRP enzyme immobilized on the developed biosensor surface effi-
ciently catalyzed the oxidation of 17p-estradiol with high selectivity compared to other
estrogenic endocrine-disrupting compounds, peroxide substrates such as hydrogen perox-
ide (H,0,) can potentially interfere with the electrocatalysis of 17f-estradiol. Hydrogen
peroxide for instance has been an issue during water reclamation (i.e., results in generation
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Fig.7 A, C, E The AuE/PANI:3MPA-ZnSeQD/HRP biosensor responses to successive concentra-
tions of estrone (E1), striol (E3), and 17a-ethinylestradiol (EE2). B, D, F The corresponding response
curves. G Comparison of biosensor responses to various analytes; estrone, 17f-estradiol, estriol, and
17a-ethinylestradiol

of reactive oxygen species) such that many strategies have been developed to remove its
residuals in treated water. The influence of low and high concentrations (i.e., 2 and 10 mM)
of H,0, on the electrochemical detection of 17B-estradiol was investigated using cyclic
voltammetry. The electrochemical responses are shown in Fig. 8.

H,0, evidently influenced the detection of 17p-estradiol, hence its removal is manda-
tory for analysis of real samples using the developed biosensor. This is obviously due to
the high affinity of the HRP enzyme bio-receptor immobilized on the electrode interface to
hydrogen peroxide [77]. Although this might be the case, it is also important to note that
the electro-catalytic responses to different concentrations of hydrogen peroxide were facili-
tated at a distinct potential of —340 mV, which was significantly higher than the potential
at which the 17p-estradiol was detected. In a recent study, Fei fei Wang and co-workers
utilized the granular activated carbon to sequentially quench the bromate ions and residual

@ Springer



Applied Biochemistry and Biotechnology

E 0.4
254 ——0.0 uM EE2 4

—— 0.5 M EE2
— 1.0 (M EE2
—— 1.5 M EE2

-@-responses

0.0 Q/

| g
o
1

-
o
1

non-linear response

o4 E, =-200 mV

-
o
Il

-0.8

Current, pA

I
(IJI
Biosensor response, pA

1.2 é—é
) 0.0 05 10 15
Potential, mV [17a-ethinylestradiol], uM

o
=)

T T T T 1
400 200 0 -200 -400 -600

G
2.0 4

0%
oo

5
5

,

%
%

R

RRRAEK

SRR

o
55

=3

1.5

0o
2
s
5
5555
5
%
%
%
%
X
sosss

o

%
%
o
%

00

o

X

QB

o

R RIRIIRK

R
%

X
0%

o

o

%
oo
B

TR
o

2

XX

e
-
3
3

-
%

R

X%
CaXte%

s

X2
%
5
S

3

%

ZRITES

%

s

oo
LR

o
oo
AR

Maximum response current, pA
5
1

Fig.7 (continued)

hydrogen peroxide [78]. Another strategy was proposed by Tingting Wu and co-workers
where they employed sodium carbonate ions and heat to catalytically decompose H,0,
[79]. Due to high probability of the HRP enzyme mobilized on the biosensor electrode to
catalyze H,0,, the biosensors has the high capacity to decompose or eliminate H,O, and
convert it into water by switching the redox onset potential prior, 17f-estradiol measure-
ments. During real-field application of the proposed biosensor, the analysis could be prefer-
able conducted in pre-treated water-water samples, such as tap water and other water bod-
ies that do not contain trace concentrations of hydrogen peroxide. The reported biosensor
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presents the simplest and straightforward alternative strategy to monitor and measure the
concentrations of 17B-estradiol compared to lab-based traditional methods, such as chro-
matography, spectrometry, and ELISA, as most electrochemical sensors and biosensors
could be easily configured and miniaturized into portable detection systems.

The Detection of 17B-Estradiol in Real Samples

In order to confirm the feasibility of the developed electrochemical nanobiosensor to
quantify the 17B-estradiol, water samples were spiked with different concentrations of
17B-estradiol and analyzed using the biosensor. As depicted in Fig. 9, 17p-estradiol con-
centrations in tap water samples were capable of being detected by the developed biosen-
sor, as there was a significant difference in the DPV responses for the un-spiked and spiked
samples. The obtained recovery rates and relative standard deviation for each measured
concentrations were determined and are summarized Table 2. The recovery rates from
101.35 to 133.3% were obtained. At low concentrations of 17p-estradiol in tap water, there
was no deviation between the same concentration measurements (n=2). However, when
the concentration of 17p-estradiol was increased to >3 uM, the relative standard deviation
(n=2) significantly increased to 7%. Hence, the obtained data suggests that the developed
biosensor was capable of being applied for real-field analysis of 17-estradiol in water, and
exhibited high efficiency to quantify 17f-estradiol, especially at low concentrations <2 pM.
17p-estradiol exhibit detrimental health impact on many species at even low accumulative
concentrations.

The Re-usability and Stability of the Developed Biosensor

To investigate the potential of the developed biosensor films to be re-used, freshly prepared
biosensor films were employed to measure six different concentrations of 17p-estradiol,

Fig.8 The cyclic voltam- ] 2yME2+10 mMH,0,
metry responses of the AuE/ 304
PANI:3MPA-ZnSeQD/HRP
biosensor in the presence of
2 uM 178-estradiol (E2)+ {2 and 254 Detection of H,0,
10 mM H,0,} in 0.1 M phos-

phate buffer electrolyte solution
of pH 7 < 204 -340mV
=l
w15
c
2 Detection of E2
S 104 PN
= | l 2yME2+2mMH,0,
o -101 mV
5 & _2uME2
] A
7 L
O

0E2+0H0O,

400 2(I)O 0 —22)0 ' —42)0 ' -62)0 ' -860
Potential, mV
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Fig.9 DPV responses of the —— Tap water + 0 pM 17p-estradiol

AuE/PANI:3MPA-ZnSeQD/HRP 0.5 - Tap water + 2.0 uM 17B-estradiol
biosensor in tap water samples Tap water + 2.0 uM 17B-estradiol
spiked with 0, 2, and 3 uM Tap water + 3.0 uM 17[3-estrad!ol
B-estradiol Tap water + 3.0 uM 17p-estradiol

U]

Current, pA

200 0 -2|00 -42)0 -6|00
Potential, mV

Table 2 Real sample analysis of

17p-estradiol Samples Spiked  Current  Detected  Recovery = RSD

(WMD) (nA) (M) (%) (n=2)
(%)
Tap water 0 - - - -
2 0.25 2.027 101.35 0
0.25 2.027 101.35
3.0 0.33 3.108 103.6 7
0.40 4.0 133.3

at consecutive number of measurements, denoted in Fig. 10 as measurements 1, 2, and 3.
After each measurement, the biosensor surface was recovered through flashing the biosen-
sor transducer with de-ionized water and phosphate buffer solution. This was done for the
purpose of removing unwanted traces of materials that might have been loosely adhered
on the surface in-between measurements. The AuE/PANI:3MPA-ZnSeQD/HRP biosen-
sor catalytic current responses in Fig. 10 indicated that the number of times the biosensor
was used for measurements and played a significant role in the catalytic current responses
obtained. This evidently indicated loss of catalytic activity of the HRP enzyme mobilized
on the bio-transducer surface. The percentage recovery obtained for the second set of meas-
urements was significantly low. Relatively, for the third set of measurements, a percentage
recovery of 27% was obtained. This is ascribed to the complete loss of catalytic activity
sustained by the biosensor films. During E2 catalytic measurements with the biosensor, the
products formed during the electro-catalytic reaction might have adsorbed on the biosensor
surface thus inhibiting further enzyme activity. The drastic decrease of the catalytic activ-
ity could also be attributed to de-adsorption of the enzyme HRP from the biosensor surface
during the soaking and recycling processes.
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The AuE/PANI:3MPA-ZnSeQD/HRP Bio-sensor Electrode Mechanism

HRP enzyme has an a-helical 3D complex structure with hemi-active site [80-82] consist-
ing of single polypeptide chain with 308 amino acid residues [54]. Almost all the cata-
lytic reactions involving the HRP occur at the active site or relatively approximate to it.
Although, HRP is known to catalyze the reductive splitting of H,0, into H,O molecules,
this enzyme can intern bind, catalyze a series of phenolic compound, induce splitting of
RO-OH bonds [54], and mediate hydroxylation of a range of compounds [52]. This is a
very similar mechanism and approach adopted by cytochrome-P450 enzymes to bind to
steroids, hence its choice for this particular application. The catalytic active site of HRP is
illustrated in Fig. 11A, a representation abstracted from studies reported in literature [76,
83].

A proposed electrode mechanism was then derived and is illustrated in Fig. 11 (B).
The mechanism is herein further interpreted by Egs. (5) to (6). HRP catalyzes most of its
reaction through its heme-center by transformation of its valance into different isoforms
[83] also referred to as compound I and compound II [52]. According our the drawn-up
mechanism, for alcohol oxidation by the monooxygenase peroxidase; the compound I
preferable HRP-(Fe’") isoform catalytically reacts with the first alcohol (i.e., in this case
17p-estradiol) and transforms the HRP-Fe>* catalytic center into a HRP-Fe** isoform (i.e.,
compound II); this is assumed to be a one electron reduction process. Further reduction of
compound II results in re-generation of the resting state of the HRP enzyme (i.e., HRP-
Fe**) [76]. The second addition of the alcohol displaces the water molecule that ready
binds to the HRP-Fe’-altered active site to attain stability. Simultaneously, the alcohol
derivative is oxidized during this process.

HRP — Fe’* + H,0 + O, — HRP — Fe’* (H,0) + 2e~(2e — redoxstep) 5)
Fig. 10 The influence of single 1 B Measurement 1
and multiple E2 measurements /\ Measurement 2
on the electrocatalytic perfor- 254 @ Measurement 3 n
mance of the AUE/PANI:3MPA- -
—— Hill Fit of Sheet1 H
ZnSeQD/HRP biosensor | P |
clectrode —_— H!II F!t of Sheet1 C
— Hill Fit of Sheet1 D
< 2.04
3
£
o 1.5 1
S
(-
= JAN AN
&
1.0 1 ® o
A\ 24
| ( ®
0.5 T

T T T T T T T T T
0.5 1.0 1.5 2.0 25 3.0

[17B-estradiol], uM
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Exposed
Heme
~ (B) H20, Hie O
red .
PANI:3MPA-ZnSeQDs HRP-(Fe* )
HO Product
2¢
H3C OH
-
oXi red
PANI:3MPA-ZnSeQDs HRP-(Fe™)
Gold Electrode HO E2
Interface

02
Fig.11 A The chemical sstructure of the heme-active site of the horseradish peroxidase (HRP) enzyme
and the B the proposed electron transfer mechanism occurring on the AuE/PANI:3MPA-ZnSeQD/HRP bio-
transducer interface
HRP — Fe’* + ¢~ + RCH,OH — HRP — Fe** + RCH,OH — (OH), Ep = —205mV (hydroxylation of E2) (6)

The compound RCH,OH in this case is assumed to be 17f-estradiol and RCH,CO-(OH)
is the oxidized product of 17p-estradiol.

Conclusion
Ultra-small 3-mercaptopropionic acid-capped ZnSe quantum dots of 5.3+0.93 nm were

successfully produced and captured onto the PANI nanofibers during electrochemical
polymerization. The carboxylic acid functional groups from the 3-mercaptopropionic acid
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capping ligand onto the surface of quantum dots facilitated the quantum dots to attach to
the PANI. On the other hand, the conserved functionalities from both the PANI and 3MPA-
ZnSe quantum dots also enhanced the surface susceptibility for attachment of the HRP
bio-receptor onto the electrode surface. The attachment of the HRP enzyme was not only
arbitrated by the chemical reactivity of the surface, but also further enhanced by available
abundant active sites attributable to high surface area to volume ratio contributed by both
the nano-sized PANI and small-sized 3MPA-ZnSe quantum dots. The AuE/PANI:3MPA-
ZnSeQD/HRP biosensor constructed from the polyaniline and ZnSe quantum dots conju-
gated to HRP enzyme demonstrated excellent capacity to detect variable concentrations
of 17p-estradiol under both aerobic and anaerobic environment conditions. The catalytic
activities of the horseradish peroxidase enzyme immobilized on the electrode surface was
slight distinct in the presence and absence of the oxygen molecules in the electrolyte solu-
tion. This was assigned to the transformation of the HRP isoform to an alternative redox
state due to oxygen binding at the enzyme active catalytic site. This was also supported
by a significant shift in the formal potential where the 17p-estradiol/biosensor interaction
was observed upon introducing an influx of oxygen molecules. The biosensor also exhib-
ited good specificity towards the determination of 17f-estradiol concentrations compared
to structural similar compounds; a low detection limit and much more improved overall
sensing parameters were obtained. Due to high reactivity of the HRP immobilized on the
biosensor electrode surface to H,0,, the hydrogen peroxide induced redox activity, how-
ever at high negative redox potentials of —340 mV. Hence in the presence of H,0,, the
AuE/PANI:3MPA-ZnSeQD/HRP biosensor, specifically the HRP attached on the biosen-
sor induced catalysis at a significantly different potential than observed for 17f3-estradiol
analyte. This is attributable to the pre-activation of the HRP active center by the hydro-
gen peroxide molecules; this has been proven to transform the Fe(V) valance state of the
HRP enzyme into a different oxidation state or isoform. The portable miniaturized elec-
trochemical biosensors are programmed at a single potential value, where the electro-
chemical catalysis of the analyte of interest is observed. Hence, H,O, might not interfere
significantly during the real application of the biosensor. Nonetheless, many strategies to
eliminate H,O, are integral part of wastewater reclamation procedures; hence, H,0O, is not
much of a major interfering species. In conclusion, the biosensor was capable of detecting
17B-estradiol concentrations in spiked tap water samples with good recoveries.
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