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ABSTRACT

Endocrine disruptive compounds are natural or anthropogenic environmental micropollutants that
alter the function of the endocrine system ultimately damaging the metabolism. Bisphenol A
(BPA) is the most common of these pollutants and it is often used in epoxy coatings and polycar-
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bonates as a plasticizer. Therefore, monitoring BPA levels in different environments is very import-
ant and challenging. In recent years, an increasing number of BPA detection methods have been
proposed. This article presents a critical review of aptamer-based electrochemical, fluorescence-
based, colorimetric, and several other BPA detection platforms published in the last decade.
Furthermore, a statistical evaluation has been made using principle component analysis showing
analytical performance parameters do not create very different clusters. Comparisons to other BPA
detection methods are also presented so that the reader has an overall literature overview.

Introduction

In recent years there has been a growing concern about
receiving environments contaminated with various endo-
crine-disrupting compounds (EDCs). EDCs are substances
that affect the endocrine system and the metabolism of ster-
oid hormones.! EDC exposure causes obesity, diabetes, and
cardiovascular diseases and increases the risk of cancer and
neurotoxicity.>*! Therefore, EDCs can be called environ-
mental pollutants, either naturally or anthropogenically.'*!
An increasing number of studies have reported adverse
effects of 800 different EDCs on human and wildlife
health.®! EDCs were also classified as chemicals of con-
cern, for which restrictions on their usage continue to be
imposed.””) However, the detection of these EDCs, which
have very low molecular masses, is challenging.'®*!
Bisphenols (BPs) are well-known EDCs containing two
hydroxyphenyl groups and there are more than fifteen BP
analogs. The chemical structures of various BPs are sum-
marized in Table 1. BPs are popular members of EDCs
because they are used as plasticizers in the production of
epoxy coatings and polycarbonate. Its presence in commonly
used materials such as epoxy coatings (bottle caps, metal
can and can liners, food packaging, etc.) and rigid transpar-
ent containers (water bottles, etc.) increases the risk of con-
tamination posed by BPs.'***) Migration of BPs from food
contact materials into foodstuffs results in increased expos-
ure in humans. Studies have been conducted on the negative
effects of BPs on human health and the environment, and

especially regulatory organizations are conducting new stud-
ies on this subject.!*"??!

Bisphenol A (BPA) is one of the most widely used BPs
and it has strong endocrine-disrupting effects.'” Many
studies have been reported focusing on the effects of BPA
on human health, such as reproductive damage, and neural
and behavioral disorders.”>**) The effect of BPA on the
endocrine system occurs through its binding to estrogen
receptors.l””! Therefore, it has been reported to cause a
decrease in sperm quality in humans®®*”! and to cause
reproductive abnormalities in wildlife.*® It has also been
reported that even at low concentrations, BPA has the
potential to induce chronic diseases and various types of
cancer using in vitro animal models.”**!) There is also a
study in the literature showing that BPA can mimic the
effect of thyroid hormone.*?!

In addition, since BPA is used as a plasticizer in a wide
variety of food storage and packaging materials, migration
of BPA to food products in food processes (heating proc-
esses such as pasteurization, sterilization, and canning) is
important in terms of contamination.*>** BPA is also used
in the production of phenoplast, phenolic and unsaturated
polyester resins, polyvinyl chloride, and thermal paper.!*”
BPA contamination in the range of 61nM to 2.3uM has
been reported in water and food samples.**** BPA was
detected at nM-uM concentrations in environmental sour-
ces, such as wastewater,ml river water,[4o] sewage waters,[41]
and surface waters.?) Therefore, there is increasing atten-
tion to the detection of BPA in environmental water sour-
ces. Small amounts of BPA are discharged into wastewater
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Table 1. Chemical formula and structure of BPA and its analogs.

BPA substitutes Structure References

Bisfenol A (BPA), 2, 2-bis (4-hidroksifenil) propan HO\‘><‘/OH (o]
BPB, 2,2-bis (4-hydroxyphenyl) butane) : t
HO l I OH

BPS, 4,4’ -dihydroxy diphenyl sulfone (l) 121
HO—< :>—

BPAF, 1,1,1,3,3,3-hexafluoro-2,2-bis (4-hydroxyphenyl) propane F 03]

F

BPF (4, 4 - dihydroxydiphenyl — methane) OH OH [4]

BPA-DGE (4,4'-isopropylidenediphenol diglycidyl ether) ns)
BPAP (4,4'-(1-phenylethylidene) bisphenol) tel

BPBP (bis(4-hydroxyphenyl) diphenylmethane) Q nel
O

BPC (2,2-bis(4-hydroxy-3-methylphenyl) propane) (el
HO OH

(continued)




Table 1. Continued.
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BPA substitutes

Structure References

BPC-dichloride = 1,1-dichloro-2,2-bis(4-hydroxyphenyl) ethylene

BPE 4,4’-ethylidenebisphenol

BPG 2,2-bis(4-hydroxy-3-isopropylphenyl) propane

BPM = 4,4'-(1,3-phenylenediisopropylidene) bisphenol

BPP = 4,4'-(1,4-phenylenediisopropylidene) bisphenol

BPPH = 2,2-bis(2-hydroxy-5-biphenylyl) propane

BP-TMC = 1,1-bis(4-hydroxyphenyl)-3,3,5-trimethylcyclohexane

BPZ = 4,4'-cyclohexylidenebisphenol

[15]

HO

[16]

[15]

[15]

(171

[15]

[15]

[18]

treatment plants after entering the environment from pro-
duction and processing plants. BPA removal can occur in
water treatment plants. However, it has been reported that
water treatment technologies remove 76-99% of the BPA
content in the source water only when granular activated
carbon/UV exposure is used.*) However, with this
improvement, it is not sufficient to reduce BPA, which is
found to be between 1.5puM and 2 uM in 17% of the surface
spring waters,'** to 22nM in the treatment facilities.'*"’
Because of this obvious risk, many regulatory organiza-
tions banned the use of BPA and limited the specific migra-
tion limit of BPA in potential products to 0.05mg/kg.**

After the introduction of strict regulations on the produc-
tion and use of BPA, derivatives such as bisphenol B
(BPB),*”) bisphenol S (BPS),!*®! bisphenol AF (BPAF),"’!
and bisphenol F (BPF)!'*! began to be used as alternatives to
BPA (Table 1). However, since BPA analogs have a similar
structure, it has been reported that these chemicals also
show EDC behavior.*”*") Similar to BPA, analogs have
been reported to raise suspicion about reproductive disor-
ders,'”™") neurological problems,’®?! cancer potential,!*>**!
and metabolic disorders.*! There are studies on the pres-
ence of some of these analogs (e.g., BPB) in food samples
up to 277 nM.1'**! Major analytical approaches for BPA
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detection are based on methods such as liquid chromatog-
raphy,?**®! high-performance  liquid  chromatography
(HPLC),?”*! HPLC-mass spectrometry (HPLC-MS),[”! gas
chromatography (GC),®® and GC-MS.*”! Although these
analytical methods are highly sensitive and accurate, most
require expensive instruments and time-consuming sample
pretreatment.”®®) Therefore, in recent years, studies on the
development of a portable, easy-to-use, cost-effective, and
versatile detection strategy such as spectrophotometry,!”’
immunoassay,'®>®") capillary electrophoresis, ' fluorime-
try, > and electrochemical detection!®’ methods have
attracted great interest in the literature.

Biosensors are suitable candidates for the detection of
pollutants such as BPA, as with many analytes, with the
advantage of selectivity provided by bio-recognition ele-
ments. The use of biosensors with high analytical perform-
ance in the detection of various chemicals in aqueous media
has gained importance with the use of bio-recognition ele-
ments and nanomaterials such as aptamers, enzymes, anti-
bodies, and whole cells."*®! However, due to the
nonspecific affinity of immunoassays to BPA analogs (BPB
or others),'®) aptamers have become an important biore-
cognition element for analytes such as BPA in
recent years.[60]

Single-stranded (ss) DNA oligonucleotide aptamers are
selected from specific oligonucleotide libraries (~10'2-10"*
unique oligonucleotide sequence) to bind to a target with
high sensitivity and either high selectivity or general selectiv-
ity.**) ssDNA aptamers are selected by exponential enrich-
ment by a process called Systematic Evolution of Ligands
(SELEX).[®*"7] Aptamers have several advantages over other
biodiagnostic elements: (i) more accurately distinguish func-
tional groups between similar structures,”?! (i) aptamers
targeting small molecules can be selected in vitro,””* and
(iii) have a high affinity for their targets,”* and (iv) it can
be synthesized in large quantities in vitro and has the char-
acteristics of simple preparation, easy acquisition, low cost,
and easy storage.”” In summary, the SELEX procedure is
based on the interaction of the library with the analyte and
the removal of low-affinity sequences until affinity in the
micro-molar (uM) to nano-molar (nM) range is
achieved.””¢~7%!

This cyclic separation and polymerase chain reaction
(PCR) process are continued for 8-15 rounds.” In the
SELEX process, the selectivity of the aptamer can be
increased by removing sequences with counter-affinity for
target analogs.®™®!) Affinity (Kg dissociation constant) is
used as a sensitivity scale.”?’ SELEX methods such as
FluMag SELEX,'®? Capillary Electrophoresis-SELEX (CE-
SELEX),!®>** and Graphene Oxide SELEX (GO-SELEX)?®!
have also been developed to reduce the number of selection
cycles or increase the efficiency and convenience of selec-
tions. As may be used of choice, sometimes aptamers are
altered by truncation'®® and mutation.!®”) There are reports
of unchanged or increased affinity in this alternative modifi-
cation.®®*¥% The aptamer chosen for BPA has the
sequence 5-CCGG TGGG TGGT CAGG TGGG ATAG
CGTT CCGC GTAT GGCC CAGC GCAT CACG GGTT

CGCA CCA-3’ and for this aptamer named aptamer #3, K4
for BPA, 6F, BPB, and BP are 8.3nM, 208 mM, 139 mM,
and 139mM, respectively.”®! The specified aptamer was
used in at least 90% of BPA aptamer studies reported in this
review (Table 2).

BPA biosensor methods have evolved into much more
sensitive techniques with relatively low cost, high accuracy,
and improved user compatibility. Aptamers were used to
provide selectivity in these sensors. Sensor platforms using
aptamers can be based on electrochemical, fluorescence,
luminescence, colorimetry, Raman scattering, surface plas-
mon resonance, and other techniques (Table 3). These tech-
niques have been successfully applied in real samples or
matrices by sample addition. Sensitivity, operating range,
and actual condition performances are listed to evaluate the
quality of analytical results of these sensors from a glance of
general perspective. Especially with the use of the same
aptamer in many sensor platforms, a convenient comparison
has emerged. In recent years, two BPA-focused reviews were
published focusing on the BPA detection techniques for
foodstuffs and summarizing different detection strat-
egies.'**'**! Furthermore, a more specific review article
recently presented a detailed update on the development of
polymer and metal-based graphene electrochemical sen-
sors.'*! On the other hand, this comprehensive review
summarizes the main strategies of aptamer-based BPA
detection in the last decade as well as provides a critical dis-
cussion on analytical parameters and a statistical evaluation.
Due to many studies in the literature, some studies may not
be mentioned in this comprehensive review article.
However, we believe that the studies mentioned in this
review could provide information for a general evaluation.

Electrochemical sensors

Electrochemical-based sensors, as well as for the detection of
other analytes, have been the most studied BPA sensor plat-
form for their ease of use, sensitivity, and versatility. In this
section, electrochemical-based aptasensors used in BPA
detection are discussed.

Anodized aluminum oxide (AAO) based capacitive sensor
was reported in one of the first studies of electrochemical-
based BPA aptasensors. In this sensor, after the deposition
of Au film as an electrode on the AAO membrane, Au
nanowires in the AAO nanopores were used as the other
electrode. A change in the aptamer’s dielectric properties or
capacitance was observed because of BPA binding with the
aptamer attached to both electrodes. In this way, 43nM of
BPA LOD and 0.1-100nM detection range were achieved
quite successfully.!''®!

A sensor platform based on the competitive binding of
BPA to the aptamer has also been proposed. In this study
using a gold electrode, a signal was obtained when the other
methylene blue (MB) labeled ssDNA pre-attached to the
aptamer was released in the presence of BPA. It has been
reported that this sensor operating in the range of
0.44 pM-4.4nM gives a LOD of 1.24pM and provides good
recovery in different water samples.!"'”) In another simple
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Table 2. BPA aptamers that are reported in the literature (modeling of aptamers was done with DNAFold.”"!

Sequence (5' to 3') DNAFold model Applied by
CCGGTGGGTG'® GTCAGGTGGG*® ATAGCGTTCC*® GCGTATGGCC* T~ 2]
CAGCGCATCA®® CGGGTTCGCA® CCA - &t 1931
G/G/ \< \G/ 30 [94]
d % [95]
1 1 [96]
| A
% g 1971
b B w 98]
regg” T<<<;\C\c 1991
1 c(T)\GK 11001
<~\C<<:>G/c\,\T [o1
C ¢ [102]
/ 1
s — ;—\ 50 [103]
» [104]
g (105]
e [106]
) C/\ T\r (o7
o-d [108]
[97]
(1091
CCGGTGGGTG GTCAGGTGGG ATAGCGTTCC GCGTATGGCC CAGCGCATCA “ (ol
CGGGTTCGCA CC A0
| \G—G—T/T‘c
A G-6-A G
c C
~~g-c-¢C &

o Tl
A O— OO~~~

>
iy

?

/
¥

a0 T G\T
o \
ed_od ¢
N6 !
\ é
A d
T i
A~g--6~
GGATAGCGGG TTCC 5 T‘ a1
T [64]
d 17)
i
|
.
|
.
|
o
|
il
|
1
~AL
10 'I" /T G\
G—G—A &
SE
[ S
s
GGGCCGTTCG AACACGAGCA TGCCGGTGGG TGGTCAGGTG GGATAGCGTT e (02)
CCGCGTATGG CCCAGCGCAT CACGGGTTCG CACCAGGACA ‘{f’ﬂ- ﬂ\Q-’ '
GTACTCAGGT CATCCTAG 1 i
&

(continued)
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Table 2. Continued.

Sequence (5' to 3')

DNAFold model Applied by

CCGCCGTTGG TGTGGTGGGC CTAGGGCCGG CGGCGCACAG
CTGTTATAGA CGTCTCCAGC

GGGCCGTTCG AACACGAGCA TGCCGGTGGG TGGTCAGGTG GGATAGCGTT
CCGCGTATGG CCCAGCGCAT CACGGGTTCG CACCAGGACA
GTACTCAGGT CATCC

50 [112]

[113]

Folding conditions are 25°C, 100mM Na™ and 100 mM Mg*". The numbers given as superscripts represented the number of bases from the specified termini).

and sensitive (5nM LOD) electrochemical sensor platform,
the signal was obtained on the glassy carbon electrode
(GCE) using gold nanoparticles (AuNPs) dotted graphene
nanocomposite film. In this study, using ferricyanide medi-
ator, cyclic voltammetry (CV) and differential pulse voltam-
metry (DPV), a sensor operating in the range of
10 nM-10 uM, which can respond to milk and milk powder
samples, was developed.''”® An aptasensor using a GCE
electrode and DPV achieved a low LOD level of 56 pM
using nanoporous gold film. This nanoporous film obtained
by dealloying Ag from Au/Ag alloy using concentrated nitric
acid was used in the serum sample with good recovery
(98.9-102.3%) for BPA detection. The operating range of
this sensor was 1-100 nM. %)

A highly sensitive BPA sensor, on the other hand, was
based on the AC electrokinetics (ACEK) capacitive sensing
principle. It utilizes AC signal over microelectrodes to gen-
erate local fluid motion which facilitates particle movement
and enrichment. In this method, the binding of BPA to the
aptamer changed the capacitance of the fluid/electrode inter-
face. This sensor, which measures in the range of
10fM-10pM, was used to detect BPA from serum sam-
ples.’®) In another study using the AC signal, an excellent
LOD of 73.2 aM was reported in porous interdigitated elec-
trodes (flexible polyimide sheets) and an aptamer-based sen-
sor. Cheng et al. reported a very successful recovery
(83.6-100.7%) in surface water samples in this study while
reporting a working range (0.1fM-1pM) proportional to

the sensitivity of the sensor.!'”?) Using the printed circuit
board and GCE platform, the same group achieved 152 aM
LOD. This sensor was used to detect BPA in canned food,
but the recovery was slightly lower.””

Alternative signal amplification methods have also been
frequently studied. Ferrocene (Fc)-labeled BPA-binding
aptamer probe and MB-labeled complementary probe were
used on a sensor platform working with the sum of three
different signals. During binding, MB-labeled ssDNA moved
away from the surface and produced a signal, while Fc-
labeled aptamer provided a signal with conformational
change. In addition, 0.19 pM LOD was obtained with a gold
electrode by combining the signal obtained from BPA. This
sensor, which operates in a relatively narrow detection range
(1-100 pM), has been successfully used in tap-water sam-
ples."*®] The same group also obtained a dual signal by
using avidin-horseradish peroxidase (HRP)-AuNP enzyme-
based assay together with redox target BPA. Upon the spe-
cific interaction between BPA and its aptamer, the aptamer
and complementary DNA duplex was dissociated.
Meanwhile, in addition to the received signal, “signal-off”
behavior was obtained in the signal catalyzed due to the avi-
din complex."**! A low LOD of 0.41 pM was obtained from
this sensor, which was also tested in real samples in the
1 pM-1nM range.

An electrochemical aptasensor was designed for the
detection of BPA using aptamer conjugated with MB and
gold-coated multi-walled carbon nanotubes (MWCNTs) to
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Method Year Approach /Strategy LOD Range Recovery % Real Samples Ref.

Colorimetric 2015 Cysteamine modified gold nanoparticles 0.48 n\M 153-613nM 91.0-106.0  Tap water (mal
(AuNPs), aptamer

Colorimetric 2016 Cationic polymer-induced aggregation of 1.50 nM 1.50-500 nM 100.9-112.7  Tap and river water 521
AuNPs, aptamer

DNA amplification 2018  Aptamer coated well and real-time 0.7 nM 1-500 nM 96.8-1040  Water sl
quantitative PCR (RT-qPCR)

Electrochemical 2011 AAO, aptamer 43nM 0.1-100 nM NR NR (el

Electrochemical ? 2013  Gold electrode, aptamer 124pM  044pM-44nM  940-103.0  Water (7l

Electrochemical 2014  AuNPs dotted graphene nanocomposite film 5nM 10 nNM-10 uM 90.0-116.0  Milk and milk powder %%
modified GCE, aptamer

Electrochemical “ 2015  Nanoporous gold film, GCE, aptamer 56 pM 1-100 nM 98.9-102.3  Serum fozl

Electrochemical 2015  AC signal, microelectrodes, 10fM 10 fM-10 pM NR Serum (106]
capacitive, aptamer

Electrochemical © 2016  Fc-modified aptamer, gold electrode 0.19 pM 1-100 pM 96.0-104.0  Tap water (el

Electrochemical 2016  Poly(pyrrole-Nitrilotriacetic 10 pM 10 fM-1pM NR NR msl
Acid)-[Ru"(NH5)¢>* complex,
GCE, aptamer

Electrochemical ® 2016  Platinum nanoparticles (PtNPs), acid-oxidized 230 pM 50-400 nM 93.1-108.5  Water 199
CNTs (CNTs—COOH) functionalized with
PEl, GCE, aptamer

Electrochemical © 2016 Horseradish peroxidase-catalyzed, AuNPs, 0.41pM 1pM-1nM 95.0-105.0  Tap water (1201
GCE, aptamer

Electrochemical % 2016  AuNPs, PB functionalized CNTs, aptamer 0.045pM  0.1pM-10nM 955-103.4  Water n21

Electrochemical " 2016  Porous interdigitated electrodes (flexible 73.17 aM 0.1fM-1pM 83.6-100.7  Surface waters (221
polyimide sheets), aptamer

Electrochemical '? 2017  Printed circuit board and GCE 152 aM 1fM-10 pM 75.1-106.1  Canned foods 74l
platform, aptamer

Electrochemical 2017  AuNPs coated boron-doped diamond 7.2fM 10fM-1nM 92.0-1080  Milk fot
(BDD), aptamer

Electrochemical ¥ 2017  Au-PtNPs, GCE, CNTs, aptamer 0.035 pM 0.1-700 pM 945-103.6  Tap water 71

Electrochemical 2017 MWCNTs, AuNPs, gold electrode, aptamer 0.05nM 0.1-10nM 96.0-106.0  Mineral water, orange 1'%

juice and milk

Electrochemical '® 2018  AuNPs, MWCNTs, and thiol-functionalized 0.03nM 0.1-8nM 97.5-120.5  Water, milk and juice ~ ['2¥
magnetic Fe30, nanoparticles, aptamer

Electrochemical 7 2018  AuNPs, GCE, aptamer 44fM 0.11-8.76 pM 950-103.0  Red wine (125]

Electrochemical ® 2018  Integrated microfluidics on gold electrode, 0.2pM 5 pM-1nM 95.0-108.0  Saliva and plasma (03]
aptamer labeled with Fc

Electrochemical ' 2018  Aptamer extension reaction triggered by 15 pM 0.08-15nM 88.6-97.3  Tap water and o8]
terminal deoxynucleotidyl transferase, Fc grape juice
transfer blocking

Electrochemical ?% 2019  MWCNTS, Si0,@Au particles, GCE, aptamer 10 pM 0.1-100 nM 96.0-108.0  Milk, orange juice 6]

Electrochemical ©?" 2019 MWCNTs, Au coated carbon tape and 8fM 10fM-1nM 88.0-106.2  Bottles, water, milk (126]
polyethylene terephthalate electrode,
aptamer labeled with MB

Electrochemical @ 2019  Au electrode, single-stranded DNA (ss-DNA), 59 aM 10fM-100 nM 95.2-98.4  Water (271
propargyl-2-bromoisobutyrate, Fc methyl
methacrylate, aptamer

Electrochemical 2019  ssDNA-MB complex, and aptamer 175pM 4.4 pM-440nM 88.7-125  Tap water, bottle 73]

and toy

Electrochemical % 2019  Mixture of carboxylated MWCNTa and 0.38nM 0.2-2nM 84.5-882  Serum (28l
chitosan, aptamer

Electrochemical 2019  Au-coated MWCNTs, ssDNA-dye 8fM 10fM-1nM 88.0-106.2  Water, milk, bottle (1261
complex, aptamer

Electrochemical ?® 2020  Screen-printed carbon electrode (SPCE), Au 0.113 pM 1pM-10nM 93.8-97.3 Serum (129]
NPs, aptamer

Electrochemical 7 2021  AuNPs, CuFe,0, functionalized NPs, 25 pM 0.05-9nM 98.9-110.5  Water, milk, juice (1301
MWCNTs, GCE, aptamer

Electrochemical ?® 2022 Target-induced chain release, dendritic 0.98 nM 1.0-500 nM 93.8-1049  Tap and mineral (nsn
AuNPs, aptamer functionalized with MB water, milk

Electrochemiluminescent 2018 Carboxylated graphitic carbon nitride (C-g- 30fM 0.1 pM-1nM 97.1-104.2  Tap water, (32
C3N,), aptamer orange juice

Field-effect transistor 2016  Aptamer-modified multichannel carbon 1fM 1fM-10 pM NR NR 1001
nanofibers (MCNFs)

Fluorescence 2013  Aptamer tagged with fluorescein amidite 0.044pM  0.44 pM-43.8 nM NR Urine, water (133l
and black hole quencher (BHQ-1) at
both termini

Fluorescence 2015 GO, aptamer 0.21nM 0.43-43nM 96.0-1045  Water il

Fluorescence 2017  Mesoporous silica nanoparticles loaded with 3.5uM 4-100 M NR Water (34l
rhodamine B and capped with a
BPA aptamer

Fluorescence 2017  Magnetic bead, quantum dots, aptamer 0.74pM  4.4pM-43.8nM NR NR [sal

Fluorescence 2017  N-methylmesoporphyrin IX, Mo,C 2nM 2-20nM NR Water (1351

nanotubes, aptamer

(continued)
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Table 3. Continued.

Method Year Approach /Strategy LOD Range Recovery % Real Samples Ref.

HPLC/magnetic seperation 2020  Silica-coated Fes0, magnetic 0.22nM 0.44-438 nM 780-113.0  Milk (1361
microspheres, aptamer

HPLC/magnetic seperation 2018  Fe;0,@Si0, magnetic nanoparticles, aptamer ~ 4.38 nM 0.022-44 uM 90.8+7.3%  Serum, urine (1371

Optical spectroscopy 2014  Plasmonic chirality, aptamer 0.35nM 0.88-21.9nM 93.0-98.4 Tap water (s8]

Optical spectroscopy 2019  Plasmonic, localized plasmon resonance, Au 0.33fM 1fM-10 nM NR NR o
micro-antenna, aptamer

Photoelectrochemical 2018  TiO, nanoparticles embedded in 0.03fM 0.1fM-5nM 88.0-104.2  Drinking water (1391
borocarbonitride nanosheets, aptamer

Photoelectrocehmical 2022  MoS,/Ni-Fe layered double hydroxide 22.7 M 0.22-43.8pM  98.60-100.53  River water (1407
heterostructure and aptamer

SERS 2014 MBA raman reporter, AuNPs, polyethyele 3nM ~3-300 nM NR NR (141
glycol mixed self assembled
monolayers, aptamer

SERS 2018  Chitosan encapsulated -MBA coated 12.3pM 0.44-4.38 nM 91.0-103.5  Bottled water (421

Au@AgNP, aptamer

and milk

achieve dual signal amplification.!"**! Competitive binding
of BPA and MB to the aptamer causes a conformational
change of MB-aptamer and release of MB and a decrease in
signal. BPA detection in the range of 10fM to 1nM was
performed under optimal conditions and a LOD of 8 fM was
reported. In real samples, 88.0-106.2%  recovery
was obtained.

In another electrochemical sensor with sub-nanomolar
LOD performance, platinum nanoparticles and acid oxidized
CNTs modification and polyethyleneimine (PEI) were used
on GCE. A LOD level of 230 pM was obtained with <10%
RSD in real water samples.””) In a study using Prussian
blue (PB) functionalized CNTs redox tag, Azadbakht et al.
reported a simple, rapid, and sensitive method providing
0.045pM LOD in the 0.1 pM-10nM range. When BPA was
added, an impedimetric signal was obtained with the forma-
tion of the BPA/aptamer complex.!'*!)

Efforts to increase the sensitivity of the electrochemical
sensor with the use of nanomaterials have been published
quite frequently. Aptasensors used in various real samples in
studies reporting subpicomolar (~fM) LOD are presented.
AuNPs coated boron-doped diamond aptasensor delivered a
7.2fM LOD in the 10fM-1nM range.[wl] A 35fM LOD
was obtained in a GCE electrochemical sensor based on Au-
PtNPs and CNTs.””! In another GCE-based approach, Shi
et al. reported 44fM LOD using AuNPs, and in this study
95.0-103.0% recovery was obtained in red wine.!'*”
Electrochemical sensors were also developed, this time pro-
viding subnanomolar LOD, using the advantages of nano-
materials. Using MWCNTs and AuNPs on the gold
electrode, Deminiat et al. proposed a sensor platform that
provides 50 pM LOD and operates in the 0.1-10 nM range.
It was successfully used to detect BPA with 96.0-106.0%
recovery in mineral water, orange juice, and milk sam-
ples.!"*) Using a similar modification, Baghayeri et al. pro-
posed a sensor that detects BPA with slightly excess RSD%
in real samples of water, milk, and juice, this time using the
magnetic Fe;O, nanoparticles. This platform provided a
LOD of 30pM in the range of 0.1-8 nM.1'?*! In addition,
core-shell nanoparticles have also yielded successful results.
In a study using MWCNTSs, SiO,@Au particles, Razavipanah
et al. reported 10pM LOD, and this sensor was used to
detect spiked BPA from milk and orange juice samples with
<10%RSD.®®! In a study using AuNPs, CuFe,O,; and

MWCNTs, 25pM LOD was obtained.!"** In this study,
where real samples of water, milk, and juice were used, the
recovery obtained from the sensor, which responded in the
range of 0.05-9nM, was between 98.9-110.5%. An electro-
chemical aptasensor platform based on atom transfer radical
polymerization (eATRP) signal amplification revealed a low
LOD of 59 aM. The high recovery of 95.23-98.40% obtained
in real samples demonstrated the analytical performance of
the sensor. It is seen that the proposed innovative signal
amplification approach is successful in this method, where
signals are obtained from Fc with eATRP click-
chemistry.!'*”]

In a sensor platform using integrated microfluidics, the
Fc-labeled aptamer increased the signal in the presence of
BPA as the Fc label approached the surface (Figure 1(a)). A
0.2pM LOD was reported in the 5pM-1nM operating
range, demonstrating the advantage provided by such
switched sensors. This aptasensor provides a precise plat-
form for simple, selective, and more importantly rapid
detection of BPA. In addition, 95.0-108.0% recovery was
obtained in saliva and plasma samples.!'® The advantage of
using labeled aptamer was also demonstrated by Yu. In their
study using MB as the label, the authors reported a very low
LOD of 1.75pM and a range of 4.4pM-440nM in terms of
analytical performance using disposable gold film modified
polyethylene terephthalate electrode (Au/PET electrode).
However, the recovery deviation of the proposed sensor was
as high as 25% RSD in tap water, bottle, and toy real sam-
ples.l””! Nazari et al. obtained 84.5-88.2% recovery on the
surface of a mixture of carboxylated MWCNT and chitosan
with an Fc-labeled aptamer applied in serum samples. In
terms of analytical performance, LOD value of 380 pM was
quite successful.''**) The difficulty of working with serum
samples can be understood from the negative biased recov-
ery values (despite the use of chitosan). Abnous et al. sug-
gested nontarget-induced bridge assembly and aptamer
extension reaction triggered by terminal deoxynucleotidyl
transferase (TdT) and Fc transfer blocking as a different
approach to signal enhancement (Figure 1(b)). This platform
has shown high sensitivity due to the formation of a phys-
ical barrier on the surface of the electrode in the absence of
a target, with a LOD of 15pM over the linear range of
0.08-15nM. In addition, 88.6-97.3% recovery was obtained
in real samples of tap water and grape juice.!®!
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Figure 1. Schematic representations of a) the different steps of fabrication of the MEA for detection of BPA (A) A schematic design for immobilization of BPA-
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nel, (D) A photograph of MEA, (E) AFM images of Bare (a) and (b) aptamer-modified NSGE.""® b) the electrochemical aptasensor for BPA detection based on a non-

target-induced extension of aptamer length triggered by TdT.*®!

Another approach in tagged aptasensor platforms was to
amplify the sensor signal using the conjugated ssDNA tag
complex. By combining the ssDNA-MB complex with Au-
coated MWCNTs (Au/MWCNTs), a quite low detection
limit of 8fM was obtained in a detection range of
10fM-1nM. In addition, 88.0-106.2% recovery was obtained
in real samples using this sensor, in bottles, water, and milk
samples with an inexpensive platform..!'?)

A similar approach with a much lower (59 aM) detection
limit was obtained using Fc, ss-DNA, propargyl-2-bromoiso-
butyrate, and aptamer. The sensor operating over a wide
range compared to the detection limit (10 {fM-100nM) had
a recovery rate of 95.2-98.4% from water samples.!"*”) In
another study, Li et al. reported a sensor operating in the
range of 10fM to 1 nM with a LOD of 8 fM using Au-coated
MWCNTSs and ssDNA-dye complex. The real sample (water,
milk, and bottle) performance of this sensor was also quite
successful.['?°!

In a recent study, an alternative route was followed by
using target-induced chain release, dendritic AuNPs, and
aptamer functionalized with MB. In this study, the MB sig-
nal increased when the labeled double-strand was opened
when BPA was added, followed by the folding of the
aptamer into the G-quadruplex structure by BPA. Reported
to operate in the 1.0-500nM range, this sensor provided a
detection limit of 980 pM. BPA in real samples of tap and
mineral water and milk was detected with <6% RSD.!"*!]

By performing the principal component analysis (PCA)
of the electrochemical sensors discussed in this review art-
icle, the results of analytical performance indicators such as
detection limit (log(LOD), nM), operating range (log(upper
limit-lower limit), nM), and recovery (maximum deviation
as a percentage) were compared. Figure 2 shows the biplot
giving scores and loading. It is seen that electrochemical
studies do not form separate groups in terms of LOD, range,
and RSD%. On the other hand, in terms of LOD and range
vectors, the study, which reported a LOD value of 59 aM,

stands out."*”) In addition, studies that are out of the clus-
ter in terms of RSD% and result in high RSD% are studies
that detect BPA in matrices other than water (such as plastic
bottles, milk, and serum). In addition, in the classification
performed by considering different strategies, methods that
use electrode modification, signal enhancement with nano-
particle addition, use of aptamer-conjugated labels, aptamer
binding, and labeled ssDNA release strategies individually or
together were also subjected to PCA analysis. However, it
has been observed that any approach does not differentiate
in terms of analytical performance.

The contour plot shows that only 4 studies differ from
the group in terms of LOD, range, and RSD%. A high range
is not important on its own, but its presence in combination
with a low LOD indicates that the analytical performance of
the sensor is successful. Among the electrochemical aptasen-
sors examined in this study, the reports numbered 22, 10, 9,
6, 14, and 17 given in Table 3 seem to be successful in terms
of analytical performance compared to other studies. In the
article reported by Li et al, after the detection of BPA by
the recognition element, the amplification provided by Cu
catalyzed electrochemically mediated atom transfer radical
polymerization (eATRP) provided high analytical perform-
ance in terms of both detection limit and detection
range."””) A very wide detection range was also obtained
because of the amplification performed after the binding of
the analyte. Finally, the combination of a specific recogni-
tion element such as the aptamer and the electrochemical
method provided usability with real samples. However, it
should not be forgotten that the use of only water samples
in the study also contributes to this real sample perform-
ance. In addition, the use of the truncated version of the
previously reported BPA-specific aptamer, the short
aptamer, in this study may also contribute to performance.

On the other hand, in two studies that differed in terms
of analytical performance indicators (shown in Table 3 as 10
and 6), it was observed that the redox tag was integrated
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Figure 2. Analytical performance grouping of electrochemical BPA sensors discussed in this review article (A) PCA, (B) contour plot of analytical perform-

ance indicators.

into the electrode after different nanomaterial modifications.
Azadbakht et al. achieved high analytical performance
because of in situ formation of PB and integration of
AuNPs and oxide CNTs into the decorated electrode. By
adding BPA as the target and upon the formation of the
BPA/aptamer complex on the electrode surface, the electron
transfer characteristics of PB as the electrochemical indicator
were retarded.'?"! While Liu et al. applied similar nanoma-
terial modification (this time Au-Pt nanoparticles), this time
he modified the aptamer with acriflavine (ACF) as a redox
probe, increasing the analytical performance. In this sensor,
BPA caused the aptamer to be folded and the formation of
BPA-aptamer complexes at the sensing interface hindered
the interfacial electron transfer of the probe, resulting in the
decrease of the electrochemical signal.''®! Another study
showing the advantage of labeling the aptamer probe dir-
ectly with the redox probe was reported by Beiranvand. In
this study, MB-tagged complementary oligonucleotide and
aptamer were used. In this sensor, BPA makes the dissoci-
ation of MB-labeled complementary DNA from the immo-
bilization site. As a result, the MB tags are released from the
electrode surface and BPA is close to the electrode surface,
leading to a decrease in the oxidation peak current of MB
and an increase in that of BPA.”} It can be said that the
integration of this redox probe, which is seen to provide an
advantage compared to other studies in terms of analytical
performance indicators, directly to the electrode, aptamer,
or a secondary complementary oligonucleotide connected to
it, has increased the analytical performance.

Two other studies, which had better analytical indicators
compared to other studies on electrochemical sensor plat-
forms, applied different amplification strategies. In one of
these studies, the detection signal was enzymatically ampli-
fied with the avidin-HRP-AuNP probe."*®) The working
principle is as follows: upon the specific interaction between
BPA and its aptamer, the aptamer/complementary DNA
duplex is separated. This separation then causes an increase
in BPA signal and a decrease in avidin-HRP-AuNP catalyzed
signal. Shi et al. used the Exo III-induced signal recycling
amplification strategy. According to this strategy (Figure 3

capture DNA (cDNA) was immobilized on the porous Au
electrode. In the presence of immobilized aptamer BPA on
the magnetic bead, the message DNA (mDNA) strand was
released. After hybridization of mDNA and cDNA, Exolll
and ¢cDNA were separated from each other. Since the
amount of cDNA is proportional to BPA, another sequence
(hDNA) and reporter DNA (rDNA) immobilized on AuNP
was captured using the MB tag. The amplified signal
obtained after this treatment demonstrated an analytical per-
formance providing a detection limit of 44fM in the
0.11-8.76 pM operating range.ms]

Opverall, the electrochemical aptasensors reported for BPA
appear to receive signals using different strategies. It is pos-
sible to group these strategies as electrode modification,
using a label on the aptamer or the nanomaterial to which it
is attached, and using enzymatic or alternative amplification
methods. As expected, different electrode modifications and
the use of nanomaterials improve analytical performance
measures in BPA detection. However, a strategy of attaching
a label to one end of the aptamer or the nanomaterial to
which the aptamer is attached has also provided very high
analytical performances. While some of these studies provide
a very low detection limit and wide detection range, it is
also seen that the recovery % performances are high in the
real sample. Moreover, we also found that alternative detec-
tion methods (multi-step amplification methods) have quite
good analytical performance indicators in terms of detection
limit and range. On the other hand, all electrochemical apta-
sensor approaches discussed in this review article have suffi-
cient analytical performance to measure allowable residue
and maximum migration limits for BPA.

Fluorescence-based sensors

Fluorescence-based sensors are another platform developed
for BPA detection and are highly preferred by researchers.
Fluorescence-based sensors, like other sensor platforms,
have their advantages and disadvantages. Herein, from the
perspective we set out in this review article, we compared
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Figure 3. Schematic representations of the amplification strategy for sensitive detection of BPA.

aptasensors by evaluating strategies to increase analytical
performance indicators.

In the first reports of fluorescence-based aptasensors, we
come across a study in which the aptamer was tagged from
both termini with a fluorescein tag and a quencher. The
unique 3D structure of the aptamer in the presence of BPA
caused a decrease in the fluorescent signal, allowing a detec-
tion limit as low as 44 fM to be reached. This low LOD pro-
vided by the amidite and black hole quencher pair provided
a very high analytical performance with a very wide working
range (0.44 pM-43.8nM). Although the recovery from real
samples of urine and water was not directly reported, it was
stated that real sample application was carried out success-
fully.!"** In another study in which the Férster resonance
energy transfer (FRET) strategy was applied, GO and fluor-
escein amidite (FAM)-labeled aptamer was used as fluores-
cence quenching agents. A detection limit of 210pM was
obtained because of the principle of observing the fluores-
cent signal with protection thanks to the conformation
switch formed in the presence of BPA. 96.0-104.5% recovery
was obtained in real water samples of this sensor."''!! Ribes
et al. loaded rhodamine B onto mesoporous silica nanopar-
ticles and then capped them with a BPA aptamer. The
detection limit of this sensor, which can detect in the range
of 4-100 M BPA, was 3.5 uM.[134

It is a known approach to alter the affinity of a previ-
ously selected aptamer sequence by truncation or mutation.
Using this approach, a 0.74 pM LOD was obtained with the
aptamer conjugated on magnetic bead-quantum dots.’*®! A
39pM LOD was also obtained with an aptasensor using
SYBR Green I and AuNPs.'**! The analytical performance
of the approach presented here was quite good and included
a basic mechanism as seen in Figure 4.

Linearity in the range of 2-20nM with a detection limit
of 2nM for detecting BPA was obtained using Mo,C nano-
tubes and N-methylmesoporphyrin IX dye in a label-free
approach. In this study, a signal was obtained because of G-

[125]

quadruplex between G-rich splits GGGT of the anti-BPA
aptamer and G-rich sequence (TGGGTGGG TGGGT) at the
5'-terminal of the Help-DNA formation."**! The authors
also reported that the background signal was eliminated
using Mo,C nanotubes.

Overall, the analytical performance of the fluorescent-
based sensors discussed in this article appears to be lower
than the electrochemical sensors. While the average LOD
values for electrochemical sensors (log(LOD), nM) are
—3.37, it is seen that only two fluorescent-based sensors can
reach this average value.®'** Moreover, there is not
enough data about working on real samples in fluorescent-
based aptasensors. In addition, nearly all the fluorescent-
based sensors on the list have been found to provide
adequate analytical performance suitable for detecting
residual BPA levels.

Colorimetric and plasmonic sensors

Another approach used in BPA detection is the use of col-
orimetric-based sensor platforms. In this section, we have
not only considered colorimetric sensors, but also plasmonic
sensors. Generally, in the colorimetric approach, AuNPs,
which benefit from plasmonic properties, are utilized due to
both the ease of modification (in other words, the ease of
conjugation of the aptamer to the nanoparticle) and the tun-
able colorimetric properties. Therefore, two aptasensors dis-
cussed in our review article use AuNP. In one study, AuNPs
that are positively charged due to the modification with cys-
teamine which is cationic at near-neutral pH values were
used. The color change obtained by removing the blue shift
caused by the addition of the aptamer due to the selective
interaction between BPA and the aptamer was obtained as a
signal. This sensor, which can operate in the range of
153-613nM, provided a very suitable detection limit of
0.48nM. In the experiments performed with tap water,
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because of salt-induced aggregation in the gold nanoparticle (AuNP) solution. Compared with classical aptamer/AuNP colorimetry at a high salt concentration, this

fluorescence-combined colorimetric approach can detect BPA with enhanced sensitivity and selectivity.

91.0-106.0% recovery was obtained."'* In the other colori-
metric approach, cationic polymer-induced aggregation of
AuNPs was used. In this sensor platform, which provides
100.9-112.7% recovery in real samples of tap and river
water, measurements were made in the range of
1.50-500nM BPA. The detection limit of this aptasensor
platform was 1.50 nM.!*?!

In the surface-enhanced Raman spectroscopy technique,
in which plasmonic structures are used, successful analytical
performance results were reported with the use of aptamer
as a diagnostic element. Marks et al. reported a SERS plat-
form operating in the ~3-300nM range and providing a
detection limit of 3nM using 4-mercaptobenzoic acid
(MBA) Raman reporter, AuNPs, polyethylene glycol mixed
self-assembled monolayers, and BPA specific aptamer.!'*!]
In another study where the detection limit was lowered,
MBA was encapsulated with chitosan this time and Au@Ag
core-shell nanoparticle was used as the plasmonic structure.
This sensor provided a detection limit of 12.3 pM, providing
91.0-103.5% recovery in bottled water and milk
real samples.!'*?!

Another plasmonic sensor, which provides a very high
analytical performance, used combined localized plasmon
resonance signals. Allsop et al. developed a plasmonic bio-
sensor in which BPA is detected with a detection limit of
330+ 70aM and the sensitivity is 0.15+0.01 nm wavelength
shift/fM BPA."”) This low detection limit achieved by this
system, which uses immobilized aptamer and signal-coupled
localized surface plasmons on a series of gold nano-anten-
nas, is very promising. The performance of this sensor,
which offers a successful sensitivity and detection limit in
the detection of low molecular mass analytes such as BPA,
was evaluated only in buffer (Figure 5).

Other methods using BPA aptamers

Different sensor platforms have also been proposed for BPA
detection using BPA-specific aptamer. One of these plat-
forms is based on real-time quantitative PCR (RT-qPCR).
After coating the BPA aptamer in the well, BPA detection
was achieved, and then the signal was increased by

[146]

amplification with PCR. A detection limit of 0.7nM was
achieved in this DNA amplification method. While
96.8-104.0% recovery was obtained in various water sam-
ples, the operating range of the sensor platform was
reported as 1-500 nM.!"**!

In two similar studies as a detection approach, aptamer
was used for preconcentration for HPLC. Detection of BPA
after its isolation by magnetic separation increased the ana-
lytical performance of the sensor. In both studies, aptamer
immobilized on the carrier obtained by SiO, coating of
magnetic Fe;0,4 nanoparticles was used. In the first study in
which BPA was detected from real samples of serum and
urine, 90.8+7.3% recovery was achieved, and the detection
limit was reported to be 4.38 nM. As an advantage of chro-
matographic techniques such as HPLC, the working range
was from 22nM to 44 uM.""*”! Then the analytical perform-
ance (in terms of detection limit) was further improved.
LOD value of 220 pM was reported with the HPLC/magnetic
separation platform, which can detect in the range of
0.44-438 nM. Again, this platform, where real sample tests
were carried out in a complex environment, provided
78.0-113.0% recovery from milk."*!

Although they are similar in principle to electrochemical
sensor platforms, other BPA aptasensor platforms that we
consider appropriate to consider in the other methods sec-
tion are electrochemiluminescent and photoelectrochemical
platforms. Cao et al. reported a novel electrochemilumines-
cence (ELC) sensing platform using carboxylated graphitic
carbon nitride (C-g-C5N,) and NH,-aptamer. Interaction of
aptamer because of interaction with BPA caused a decrease
in ELC signal. With this signal change, a BPA sensor operat-
ing in the range of 0.1 pM-1nM and providing a detection
limit as low as 30 fM has been reported. Real sample experi-
ments were carried out with the detection of BPA in tap
water and orange juice, and 97.1-104.2% recovery was
obtained.!*?) Two different photoelectrochemical (PEC)
aptasensor platforms also provided highly successful analyt-
ical results. In the first report, a very wide detection range
(0.1fM-5nM) was obtained using TiO, nanoparticles
embedded in borocarbonitride nanosheets and aptamer. The
detection limit of this sensor platform was 0.03 fM and was
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tested in real water samples."*’) In the recent PEC study,
MoS,/Ni-Fe layered double hydroxide (LDH) heterostruc-
ture and aptamer were used. Because of the nano-hetero-
junctions, MoS, showed optimal separation of
photogenerated charge carriers and increased the visible-
light absorption of NiFe-LDH. Using the change in the PEC
signal because of the interaction between BPA and aptamer
(Figure 6), a BPA sensor operating in the detection range of
0.22-43.8pM and with a detection limit of 22.7fM was
developed.!"*”! The recovery of this platform in river water
samples was 98.60-100.53%.

Another platform that provides successful analytical per-
formance has been the field-effect transistor (FET). In this
study using aptamer-modified multichannel carbon nanofib-
ers (MCNFs), a detection limit of 1fM was reported in the
range of 1fM-10pM. FET platforms are known to provide
successful detection limit values. However, no results related
to real samples were given in this study.'*"!

The contour chart was created by considering the analyt-
ical performance of the aptasensor platforms listed in Table
3 (Figure 7). For comparison purposes, the lower and upper
limits of the operating range/linear range reported for the
sensor are located on the x and y-axis (in log nM), while
they are given on the z-axis in terms of LOD (log nM)
obtained on that sensor platform.

As expected, it is seen that the sensor platforms show a
diagonal distribution for the lower and upper detection
range. It is also seen that contour lines are disturbed only
on some sensor platforms. As seen in the contour chart, the
relationship between the detection range (lower and upper

limit) and the detection limit of the sensor platforms was
maintained for most of the studies listed. This result demon-
strates the detection range-detection limit dilemma in ana-
lytical studies. However, on some platforms, it was possible
to both keep the detection range wider and lower the detec-
tion limit. These platforms are concentrated in areas that do
not fit the general view (graph slope and parallelism of the
checks) in the contour chart. Only a limited number of
studies have overcome this analytical problem. However, the
successful use of the listed studies in real samples is an
inherent advantage of the selectivity of the aptamers. While
the integration of the mediator into the aptamer provided
successful results, especially in electrochemical structures,
the integration of nanomaterials into platforms increased
analytical performance in other platforms.

Comparison with other methods

We have seen that the analytical performance of aptamer-
based sensor platforms is successful. But are aptamer plat-
forms successful enough compared to other diagnostic elem-
ent-bearing platforms? To get the answer to this question,
we also discussed some of the BPA detection methods
encountered in the literature in this section. Table 4 pro-
vides a comparative list of these different BPA detection
sensor platforms. However, the specified list does not unfor-
tunately include all studies. But we tried to include as many
studies as possible for comparison.

First, when the electrochemical platforms are compared,
it is seen that the mean log (LOD) value is 0.67 for the 12
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Figure 7. Contour plot of reviewed aptasensors listed in (a) Table 3 and (b) Table 4.

studies listed. This value is considerably higher than the
mean log(LOD) value (—3.37) found for the electrochemical
aptasensors listed in Table 3. However, this result is not suf-
ficient to speculate, as there are numerous reports of
aptamer-free BPA electrochemical sensors not included in
this review article. We can group the electrochemical BPA
sensors given in Table 4 as follows: enzymatic, molecularly
imprinted polymers, and direct detection with electrode
modification.

The detection limit in the range of 3-8 nM has been
reported in enzymatic electrochemical sensor studies. Wu
et al. provided a detection limit of 7.88nM in the study
using the Tyrosinase enzyme (Tyr), Au-Pt@SiO,, Au deco-
rated graphene, and GCE. 87.4-110.7% recovery was
obtained with the real sample of olive oil chips.'** In the
enzymatic BPA detection performed by changing nanopar-
ticles (biochar), this time on GCE, a detection limit of

3.18nM was obtained, and the working range was

20nM-10 uM."*") A sensor using laccase and Ag-ZnO
nanoparticles and MWCNTs on SPE provided a detection
limit of 6nM. The BPA recovery of this sensor from bottle
samples was 89.3-109.3%.1°"!

In the case of using molecularly imprinted polymers as a
diagnostic element, successful sensors were obtained in
terms of analytical performance. In two different studies
using acetylene-black paste electrodes, different analytical
performances were obtained with electrode modification.
Deng et al. reported a LOD of 60 nM, while Xu et al. using
graphene reported a LOD of 42pM.!"*"'>3! Both sensors
were successfully used for BPA detection (max 5% RSD) in
real samples (bottle, bag, packaging material, etc.). In two
reports using GCE, the detection limit of 1.1nM was
decreased with AuNP,!'>®! while Ali et al. reported 8 nM
LOD.!"*8 Although real samples were used in both studies,
the real sample performance of the second study was low
(~30% RSD).



Table 4. Various BPA detection methods for comparison.
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Method Year Approach LOD Linear range Recovery % Real samples Ref.

Chemiluminescence 2019  DNAzyme-triggered chemiluminescence 5nM 20 pM-2 M NR NR (1471

Colorimetric 2018  Hemin-functionalized rGO composites, 2nM 5-100 nM 88.6-97.1  Tap water (48l
peroxidase like activity

Colorimetric 2018  Signal amplification via AuNP-antibody 44nM 8.8-440 nM NR Buffer only (49l
conjugates on poly amidoamine, lateral
flow strip, immunosensor

Colorimetric 2021 3/, 6'-bis(diethylamino)—2-((3,4,5 trimethyl 88nM 0.44-660 UM NR Fish organs and bottle (1501
benzylidene) amino)spiro [isoindoline-1,9'-
xanthen] — 3-one chromophore
conjugated with Fe*"-ions

Electrochemical 2011 Mg- Al-sodium dodecyl sulfate layered 2nM 8nM-2.8 uM 96.4-102.6  Tap water 120)
double hydroxide, GCE

Electrochemical 2013 ABPE electrode modified with a chitosan 60 nM 0.08-10 uM 98.6-1044  Bottle and bag Deng!"®"!
film, MIP

Electrochemical 2013  Calf thymus DNA, single walled 5nM 0.01-20 uM 94.0-106.0  Bottle (s2)
SWNT, nafion

Electrochemical 2016  Acetylene-black paste electrode (ABPE), 42 pM 14pM-12pM  954-102.6  Packaging material (1531
graphene, MIP and water

Electrochemical 2016  Nitrogen-doped carbon nanofiber modified 50nM 0.1-60 pM 90.0-980  Water fs4)
carbon paste electrode (CPE)

Electrochemical 2017 AuNPs, MIP, GCE 1.1nM 0.015-55 uM 97.6-106.5  Milk (1551

Electrochemical 2019  Tyrosinase enzyme (Tyr), Au-Pt@SiO,, Au 7.88nM  0.044-44 uM 87.4-110.7  Olive oil chips nsel
decorated graphene, GCE

Electrochemical 2019  Biochar nanoparticles, Tyr enzyme, 3.18nM 0.02-10 uM 96.7-1086  Water ns71
nafion, GCE

Electrochemical 2019  Molecularly imprinted polymer (MIP), GCE 8nM 0.02-1 M 712-97.3  Tap water, drinking (8l

water

Electrochemical 2020 GO, Fe;0,NPs, Trametes versicolor, GCE. 18.1nM 25 pM-25 nM 107.0-124.0 Bottled water 11591

Electrochemical 2020 Laccase, Ag-ZnONPs, MWCNTSs, carbon screen 6 nM 0.5-3.0 uM 89.3-109.3  Bottle (1601
printed electrode

Electrochemical 2020 CoFe,04 nanoparticle, GCE 3.6nM 0.5-10 uM 95.5-102.0  Milk and tap water netl

Fluorescence 2015  Fluorescence polarization immunoassay 24.5nM 0.05-4 uM 87.9-1143  Water nezl
(FPIA), 4,4-bis(4-hydroxyphenyl)-valeric
acid — 4-(aminomethyl) uorescein

Fluorescence 2016  Inner filter effect AuNPs on the fluorescence 8nM 44-350nM NR Water (63l
of CdTe quantum dots

Fluorescence 2019  Graphene quantum dots, MIP nanoparticle, 438nM  4.25nM-4.38 uM NR Tap water and sea water fe4)
nitrocelulose paper strip

Fluorescence 2019  Signal amplification by activators generated 6.6 fM 100 fM-100 nM 91.1-122.5  Water nes)
by electron transfer for atom transfer
radical polymerization

HPLC/fluorescence 2018  Samples were extracted ultrasonically with 44nM 21.9-438nM 75.8-93.9  Milk neel

detector acetonitrile and cleaned using the

QUuEChERS technique

SERS 2016  Ag@Fe,0; and Ag@Fe,Co0, particles, 1nM ~1-100nM NR NR 17l
aptamer, optofluidic chips patterned with
magnetically activated nickel pads,
SERS mapping

Surface Plasmon 2019  AuNPs, inhibition assay, immunosensor 22.8 pM 44 pM-438 uM NR Tap water [168)

Resonance

Successful analytical results have also been obtained with
the integration of nanomaterials in electrochemical BPA sen-
sors. Detection limits in the nM range were reported using
CoFe, 04 nanoparticles,[lsl] reduced GO (rGO) and Fe;O,
nanoparticles,''*” and single-walled CNTs (SWCNTSs) on
the GCE electrode.!"* In these studies, BPA detection was
also performed in real samples. In addition, the effect of
electrode modifications on analytical performance was inves-
tigated and for this purpose, Mg-Al-sodium dodecyl sulfate
layered double hydroxide coating!*” and nitrogen-doped
carbon nanofiber modification!"** were used.

Fluorescent-based methods were also used to detect BPA.
In these studies, in which aptamer was not used, selective
BPA detection was aimed using immunoassay. Different
strategies were used in studies included in high school and
detection limits in the nM range were reported. A 24.5nM
LOD was reported in the fluorescence polarization

immunoassay (FPIA) study using 4,4-bis(4-hydroxyphenyl)-
valeric acid — 4-(aminomethyl) fluorescein.!'®? This sensor
platform provided 87.9-114.3% recovery in real water sam-
ples. Using the advantages of quantum dots, a detection
limit of 8 nM was achieved with CdTe in the detection range
of 44-350nM.""*! In a study using graphene quantum dots
and MIP as a diagnostic element, Uzek et al. developed a
sensor platform with a detection limit of 4.38nM and this
platform was used for the detection of BPA in real water
and seawater samples.!'®*]

In a study with high analytical performance among fluor-
escence-based studies, truncated BPA aptamer, click chemis-
try, and activators generated by electron transfer for atom
transfer radical polymerization (AGET-ATRP) were used.
The complementary DNA is conjugated with aminated mag-
netic beads through hydroxysuccinimide chemistry. Then,
BPA-truncated aptamer (ssDNA-A) hybridizes with its
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complementary single-stranded DNA (ssDNA-B) to form
double-stranded DNA. In the presence of BPA, ssDNA-A
specifically captures BPA to expose the azide group on mag-
netic beads. Then, the initiator (PBIB) is conjugated with an
azide group of hairpins via the Cu(I)-catalyzed azide-alkyne
cycloaddition (CuAAC). A large number of fluorescein mol-
ecules are introduced into the beads through the AGET-
ATRP, which can amplify the signal of fluorescence dramat-
ically. By this method, a detection limit of 6.6 f{M is reported
(100 fM-100 nM detection range). This platform was used to
detect BPA in real samples with 91.1-122.5% recovery.'®*!

Colorimetric approaches have also been used to detect
BPA. Using hemin-functionalized rGO composites and per-
oxidase-like activity, 2nM LOD,!"*®! 44 nM LOD with signal
amplification via AuNP-antibody conjugates on poly amido-
amine,"*”) and 88nM LOD with Fe’'-ion conjugated
chromophore were reported on these aptamer-free
platforms.*>!

We also included several different approaches in Table 4
for comparison purposes. Among these, 5nM LOD was
reported with the DNAzyme-triggered chemiluminescence
approach."*”) With the SERS platform using plasmonic
nanoparticles, a detection limit of 1nM was obtained in the
detection range of 1-100nM by using Ag@Fe,O; and
Ag@Fe,Co0, nanoparticles for BPA detection.!'®”!

Another BPA detection approach that showed successful
analytical performance in terms of detection limit was
reported by Xue et al. This immunosensor based on surface
plasmon resonance was used to detect BPA in a wide range
from 44pM to 438 uM using AuNPs and inhibition assay.
The platform developed in this study, where a detection
limit of 22.8 pM was obtained, was also used for the detec-
tion of BPA from tap water.'®®!

Although we included the BPA detection method using a
limited number of non-aptamer diagnostic elements in this
review article, the contour chart was used to compare these
studies with aptasensors (Figure 7(b)). In this chart, which
provides an overview, it was seen that all analytical perform-
ance indicators (here only range and LOD) were worse com-
pared to the aptasensors. Both the lower and upper values
of the detection limit (x and y-axis) and the LOD (z-axis)
values (logarithmically nM) are in a narrower range and
higher compared to the aptasensors. However, it is not pos-
sible to use these results to prove the superiority of plat-
forms carrying aptamer diagnostic elements. Instead, it can
be concluded that sensor platforms using aptamer diagnostic
elements are used as successfully in BPA detection as
other platforms.

In general, the proposed sensor platforms for BPA detec-
tion have both analytical performance and high BPA detec-
tion performance in real samples. The reason why
electrochemical sensors are studied more frequently in these
platforms is probably the presence of BPA as a contaminant
in environmental sources and that these environments cause
interference in some platforms in terms of pH and ionic bal-
ance. However, in real sample experiments, it was also
observed that the recovery values obtained using water and
surface waters could not be obtained in more complex (such

as wine, urine, or serum) matrices. Although it is known
that the aptamers are minimally affected by the matrix as a
diagnostic element, it is also seen that the recovery standard
deviation values are >10% in some reports. This may be
due to an incompatible combination of the diagnostic elem-
ent and the sensor platform. Because it is often reported
that aptamers give successful recovery values in much more
complex matrices.

As a result, it is seen that the studies listed in Table 4
also give successful results in the detection of BPA from an
analytical point of view. Among these platforms, the criteria
that determine which platform is better are not clear.
Therefore, only the detection limit, detection range, and
actual sample analysis performances (if any) are compared
in the comparison lists. For any sensor platform, this com-
parison is not adequate. However, other parameters such as
ease of use, initial cost, and cost per analysis also form the
criteria for the preferability of a sensor. At first glance, it
can be said that the listed platforms do not make any obvi-
ous analytical performance difference, although it is assumed
that the stated analytical performance criteria are sufficient
to make a direct comparison. This was particularly evident
in the PCA, where we compared (electrochemically)
more studies.

Conclusion and future perspective

Detection of low-molecular contaminants such as BPA, from
different environments, has always been challenging. This
challenge exists even if biosensor platforms are used. This
comprehensive review article on BPA detection is an
example of sensor development studies that we will encoun-
ter with BPA analogs being classified as possible pollutants.
Therefore, challenges are present not only for BPA but also
for BPA derivatives of similar structure and size. The detec-
tion limit of about 44 nM and a wide recovery rate obtained
with ELISA kits for BPA detection can be considered an
analytical benchmark. Thus, nearly all BPA detection plat-
forms covered in this review article appear to meet or
exceed this analytical performance.

However, the diagnostic element for BPA is discussed in
this review article. Generally, immunosensors are insufficient
due to poor immunogenicity, especially using low molecular
weight pollutants as antigens to immunized animals. On the
other hand, it is seen that the use of aptamers provides an
advantage in the detection of pollutants such as BPA. For
this reason, different sensor platforms with aptamer diagnos-
tic elements have been reported in the detection of BPA
with increasing studies in the last decade. Inherent advan-
tages of aptamers have also been the reason for preference
in these studies. Aptamers are very versatile and are least
likely to be affected by matrix-dependent parameters such as
pH or ionic charge in the detection of a contaminant in
water or different environmental samples.

Considering the reports discussed in this study, it is seen
that electrochemical platforms are frequently studied as BPA
aptasensors and exhibit successful analytical performance. It
was seen that different amplification approaches yield



results. Among these, the integration of nanomaterials into
the sensor platform and the attachment of the mediator as a
label to the aptamer or another conjugate oligonucleotide
sequence come to the fore. Similar integrations have yielded
results in PEC and plasmonic platforms.

However, the bottleneck of the studies discussed in this
review article is that an aptamer developed for BPA is used
mostly and the aptamer obtained by truncation of this
aptamer is used several times. An alternative diagnostic
element has not been developed yet and studies in the litera-
ture are based on the use of the same diagnostic element
with different strategies. This resulted in real sample test
results with almost similar recovery % across all runs. It can
be thought that another aptamer sequence with higher
selectivity will further increase analytical performances in
BPA detection. At this point, difficulties might arise in
selecting high-affinity aptamers for the detection of such
small molecules with SELEX. However, this seems to be a
surmountable problem because of combining in silico
aptamer selection methods with different SELEX protocols.

When considered in terms of signal amplification strat-
egies, it is seen that different approaches have been tried in
BPA detection. It can be thought that the limitation at this
stage is not to increase the analysis cost. Because BPA detec-
tion does not require a very low detection limit and a very
wide working range, especially considering the current
migration/residual limit values. However, regulatory organi-
zations are creating new working groups for both BPA and
BPA analogs and evaluating the status of the pollutant. For
this reason, it should not be thought that stricter limit val-
ues will not be introduced. In this case, we can predict that
different amplification strategies (even if the cost increases)
will be applied. Another challenge is the need for continu-
ous on-site analysis. For an environmental pollutant such as
BPA, the area of use of sensors is specific. Continuous
measurement is a necessity in these areas. Therefore, it is
necessary to focus on miniaturization and reusabil-
ity studies.

In this review article, we also showed that statistical evalu-
ation can be made when we have enough study results.
However, although it seems to be a wide distribution, we
have seen that the values we define as analytical performance
indicators do not create very different clusters in PCA.
However, we explained why some of the studies that left the
list had a better analytical performance. We hope that similar
statistical approaches will be used in future review articles. It
was seen that aptamers are successfully utilized in the detec-
tion of low molecular mass and common pollutants (or pollu-
tant candidates) such as BPA. It was also determined that a
wide detection limit was obtained between the different signal
amplification strategies and aM-nM. It would not be wrong
to say that with the selection of new aptamers, many new
reports will be brought to the literature in the detection of
BPA and, most importantly, BPA analogs.
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