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an aptasensor for dibutyl phthalate
detection and the elucidation of assay inhibition
factors†

Hyerin Song,ab Hyun Jeong Limab and Ahjeong Son *ab

We developed a fluorescence aptasensor (hereafter ‘SG-aptasensor’) using SYBR Green I, a newly truncated

20-mer aptamer, and probe DNA to detect dibutyl phthalate (DBP). The detection range of DBP was 0.1–

100 ng L−1 with 0.08 ng L−1 as the limit of detection. To adapt the assay to environmental samples in the

near future, possible inhibition factors (experimental and environmental) have been tested and reported.

The experimental inhibitors included the incubation time, temperature, pH, and ionic strength.

Consequently, temperature (2–25 °C) and pH (7.0–9.0) ranges did not significantly inhibit the assay. The

incubation time required for sufficient reaction was at least 4 h, and a relative humidity <20% may have

induced fluorescence quenching. Tris–HCl-based incubation buffer with excess ionic strength (more

than 0.2 M NaCl) demonstrated an abnormal increase in fluorescence. Environmental inhibitors including

cations (Mg2+, Ca2+, and Cu2+) and humic acids were tested. The fluorescence signal was significantly

reduced (∼99%) by 100 mM Cu2+ compared to that by 0 mM Cu2+. In contrast, the reduction in

fluorescence signal was marginal (<15%) when Mg2+ or Ca2+ ions were present. Inhibition of the assay

was observed (∼28%) in the presence of 100 mg L−1 humic acids.
1. Introduction

Phthalic acid esters (PAEs) enhance exibility and transparency
as plasticizers for various industrial products such as elec-
tronics, plastics, and food packaging.1 Because PAEs can be
easily released into the environment by leaching out from the
products, their exposure to humans has increased. Subse-
quently, the endocrine disruption to humans by PAEs has been
observed in various forms, such as developmental malforma-
tion, interference with reproduction in humans, and distur-
bances in the immune and nervous systems.2 At this juncture,
the US EPA set the action plan to regulate PAEs including
dibutyl phthalate (DBP), diisobutyl phthalate (DIBP), butyl
benzyl phthalate (BBP), di(2-ethylhexyl) phthalate (DEHP), dii-
sononyl phthalate (DINP), and diisodecyl phthalate (DIDP), di-
n-pentyl phthalate, di-n-octyl phthalate.3 European Chemicals
Agency of the European Commission added endocrine dis-
rupting properties to DBP, DEHP, BBP, and DIBP in 2021.4

Establishing PAE detection methods is important for pre-
venting andmitigating potential hazards from chemicals that are
ngineering, Ewha Womans University, 52
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tion (ESI) available. See DOI:

the Royal Society of Chemistry
not yet replaceable. In addition to reliable instrumental analysis,
biosensor technologies have been developed to provide screening
tools for these chemicals. Biosensors for environmental moni-
toring have demonstrated their advantages, including specicity,
fast response times, low cost, and ease of use.5 Among the bio-
logical receptors, aptamers are short, single-stranded nucleo-
tides. Several aptamers and related aptasensors have been
developed for detecting PAEs (Table 1).

Analyzing environmental samples using biosensors can be
challenging due to the complexity of their nature. Environmental
samples contain a wide range of potentially interfering substances,
such as organic and inorganic compounds, microbes, and
particulate matter, making it difficult to detect specic targets.17

Experimental conditions, such as temperature and pH, also
change dynamically, causing uctuations in biosensor signals.18

As summarized in Table 2, previous studies have indicated
that inhibition occurs during biosensor-based analyses. Wang
et al.19 and Jin et al.20 described that the assay was inhibited by
Mg2+, possibly through the mechanism of DNA aggregation,
followed by disruption of DNA hybridization. Zhou et al.21 re-
ported a reduction in the uorescence signal due to water
hardness from Ca2+ and Mg2+ ions. Zhan et al.22 indicated the
interference of uorescence resonance energy transfer (FRET)
process by sodium vanadate. Wu et al.23 showed that an assay
using nanomaterials was inhibited by butyrylcholinesterase,
causing the aggregation of AuNPs. Kim et al.24 and Jin et al.20

developed an inhibition resistance assay based on DNA
hybridization and quantum dot nanoparticles.
RSC Adv., 2024, 14, 20585–20594 | 20585
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Table 1 List of aptasensor studies conducted for detecting phthalic acid esters (PAEs)a

Transducer type Target Characteristics of assay
Sensitivity of assay
(LOQ & linearity range) Selectivity of assay References

Optics-based
(uorescence and
colorimetry)
transducer

DBP Aptamer-SYBR Green I
(SG-aptasensor)

0.0001–0.1 mg L−1 DBP, nonylphenol
ethoxylate, triclosan,
bisphenol A (BPA),
bisphenol S (BPS)

This study

DMP, DEP, DBP,
DHP, DIBP, DINP,
DPP, BBP, MEHP,
DEHP, PA

AuNP-gQD aptasensor 0.001–50 mg L−1 DMP, DEP, DBP, DHP,
DIBP, DINP, DPP, BBP,
MEHP, DEHP, PA

Lim et al. (2022)6

Nonylphenol, benzoic
acid, BPA, BPS,
bisphenol F, DES, beta-
estradiol

PA, DMP, DEP, DBP,
DIBP, BBP, DEHP

Non-equilibrium rapid
replacement aptamer
(NERRA) assay using
aptamer and PoPo 3 dye

0.1–200 mg L−1 (30 min) 7 PAEs (PA, DMP, DEP,
DBP, DIBP, BBP,
DEHP), BPA, 4-
nonylphenol

Kim et al. (2020)7

1–100 mg L−1 (30 s)

DEHP, DBP, BBP Aptamer-AuNP-based
colorimetric assay

0.003–10 mg L−1

(mixture)
Mixture (DEHP, DBP,
BBP), Cd2+, atrazine,
PCB77, PCB126,
estrone, estradiol,
ethinylestradiol,
glucose, L-histidine,
humic acids

Chen et al. (2021)8

DEP, DBP, DEHP DNA-modied AuNPs
based colorimetric
sensor

421–1661 mg L−1 (DEP) DEP, DBP, DEHP, Fe2+,
Ni2+, Zn2+, Na+, K+,
Cu2+, CO3

2−, NO3
−,

PO4
3−, CH3COO

−

Guo et al. (2021)9

321–701 mg L−1 (DBP)
841–3322 mg L−1

(DEHP)
Electrochemical-
based transducer

DEHP Signaling-probe
displaced
electrochemical
aptamer-based
biosensor (SD-EAB)

0.0039–39 mg L−1 DEHP, Hg2+, Cr3+, Cd2+,
ethyl acetate, benzoic
acid, PA, kanamycin,
sulfadimethoxine

Han et al. (2017)10

DEHP AuFs-methylene blue 0.0005–0.001 mg L−1 DEHP, DMP, DEP,
DINP, DIBP, BBP, DIBP

Lee et al. (2022)11

DEHP DNA junction-aptamer-
MCH-capture probe-Au
electrode

0.1–5000 mg L−1 DEHP, DOP, DPHP,
BBP, DBP, DNHP

Chen et al. (2022)12

DBP Coating SMIPs on the
surface of modied
GCE

0.1–10 000 mg L−1 DBP, BPA, DVB, PPD, L-
TRP

Wang et al. (2022)13

PEC-based
transducer

DBP MIT using metal
organic framework and
Cu2O heterostructure

0.000028–0.278 mg L−1 DBP, NH4
+, K+, Na+,

Ca2+, Mg2+, SO4
2−, Cl−,

and NO3
−

Yu et al. (2023)14

SERS-based
transducer

DEHP AgNCs–SiO2-NH2 0.0032–72.8 mg L−1 DEHP, DEP, DBP, DINP,
DIDP, BBP, TOTM

Tu et al. (2019)15

DBP UCNPs decorated with
AuNPs-aptamer

0.001–100 mg L−1 DBP, DEHP, BBP, ethyl
acetate, PA, Na+, Mg2+,
Ca2+, K+, Fe2+

Rong et al. (2021)16

a DMP: dimethyl phthalate, DEP: diethyl phthalate, DHP: dihexyl phthalate, DPP: dipentyl phthalate, MEHP: mono-2-ethylhexyl phthalate, PA:
phthalic acid, PCB: polychlorinated biphenyl, AuFs: gold-nanoowers, MCH: 6-mercapto-1-hexanol, DOP: dioctyl phthalate, DPHP: di(2-
propylheptyl) phthalate, DNHP: di-n-hexyl phthalate, SMIPs: surface molecularly imprinted polymers, GCE: glassy carbon electrode, DVB: divinyl
benzene, PPD: p-phenylenediamine, L-TRP: L-tryptophan, PEC: photoelectrochemical, MIT: molecular imprinted technology, SERS: surface-
enhanced Raman spectroscopy, AgNCs: silver nanoclusters, TOTM: trioctyl trimellitate, UCNPs: upconversion nanoparticles.
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In this study, we developed an aptasensor to detect DBP (SG-
aptasensor) to investigate the possible inhibition effects of
various factors in environmental samples. The tested inhibition
factors included experimental (incubation time, temperature,
pH, and ionic strength) and environmental factors (divalent
cations of Mg2+, Ca2+, Cu2+, and humic acids).
20586 | RSC Adv., 2024, 14, 20585–20594
2. Materials and methods
2.1. Preparation of aptamer and probe DNA

The schematic in Fig. 1A shows the interaction of the aptamer
and complementary probe DNA with DBP and SYBR Green I. The
aptamer, 50-TCT GTC CTT CCG TCA CAG GT-30 (20-mer) was
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 List of inhibition factors studied for the biosensor applicationsa

Biosensor type Components Target Inhibition factors Inhibition type (effects) References

Fluorescence
aptasensor

NanoGene assay MB-
QD-probe & signaling
probe DNA

E. coli O157 : H7
(bacteria)

Humic acids, Ca2+, SDS,
ethanol

Compared to PCR, MB-
QD assay is resistant to
the presence of
inhibitors

Kim et al. (2011)24

Pseudomonas putida
(bacteria)

Mg2+ DNA aggregation Wang et al. (2018)25

Microcystis
aeruginosa (bacteria)

Mg2+ Prevent disrupting DNA
hybridization using
electrical discharge
treatment

Jin et al. (2020)20

SYBR Green I & Ag+

specic
oligonucleotides

Ag+ Ca2+ & Mg2+ water
hardness, hypochlorite

The instability of silver
hypochlorite formed by
silver ions and
hypochlorite and the
oxidation of
hypochlorite, which
would cause an
unstable DNA

Zhou et al. (2020)21

Fluorescence
immunosensor
(FRET)

CQDs & AuNps Paraoxon
(insecticide)

Butyrylcholinesterase
(BChE)

Causing the
aggregation of AuNPs
and the corresponding
recovery of FRET-
quenched uorescence
emission

Wu et al. (2017)26

N/S-CDs & 2,3-DPA Alkaline
phosphatase (ALP)

Sodium
vanadate (Na3VO4)

NA3VO4 inhibited the
process of ALP
hydrolysis of PPi. (PPi
and free Cu2+ form
a stable complex, which
cannot form DPA, in the
absence of ALP)

Zhan et al. (2021)22

Electrochemical
aptasensor

GFETs sensor with
PDMS

17b-estradiol (E2)
(EDCs)

pH, ionic strength pH & ionic strength
value in the
environment (tap water)
could uctuate with
time

Li et al., (2019)27

Sonic Hedgehog/
aptamer complexes

Sonic Hedgehog
(protein)

Exonuclease III Inhibiting cleavage of
aptamers by
exonuclease III via the
steric hindrance effect
to yield the
displacement strands

Chen et al. (2023)28

a N/S-CDs: nitrogen/sulfur co-doped carbon dots, DPA: diaminophenazine, PPi: pyrophosphate, GFET: graphene eld-effect transistors, PDMS:
polydimethylsiloxane, XOD: xanthine oxidate.
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View Article Online
truncated from the previous study's aptamer (27-mer),6which has
shown the specic binding to PAEs. The probe DNA, 50-TGT GAC
GGA A-30, was designed as complementary to the aptamer
sequence in the previous study6 (Fig. 1B). All oligonucleotides
used in this study were commercially synthesized and puried
using high-performance liquid chromatography (Bioneer Co.,
Daejeon, Korea). The aptamer and probe DNA were mixed with
TE buffer (Tris–HCl 10 mM of pH 8.0 and EDTA 1 mM, Bioneer
Co.), making their concentrations 100 mM and 200 mM, respec-
tively. The nal concentration of the aptamer and probe DNA in
the reaction was 2.5 mM aer dilution with Tris–HCl buffer. Tris–
HCl buffer (pH 8.0) comprises 0.02 M of Tris–HCl (Dyne Bio Inc.,
Gyeonggi-do, Korea), 0.02 M of MgCl2$6H2O (Daejung, Gyeonggi-
do, Korea), 0.04 M of KCl (Duksan, Gyeonggi-do, Korea), and
© 2024 The Author(s). Published by the Royal Society of Chemistry
0.1 M of NaCl (Junsei, Tokyo, Japan). All experiments were per-
formed in triplicates unless otherwise stated.

2.2. Fluorescence measurement

SYBR Green I (Invitrogen, Carlsbad, CA, USA) is a uorescence dye
that intercalates double-stranded nucleic acids. The stock solution
(10 000×) was prepared with 1 mL of dimethyl sulfoxide, and the
nal SYBR Green I concentration used for the SG-aptasensor was
1×, which was serially diluted with Tris–HCl buffer.

The uorescence was measured at lex = 265 nm and lem =

525 nm using a SpectraMax M2 spectrouorometer (Molecular
Devices, San Jose, CA, USA). The uorescence signal was con-
verted to normalized uorescence based on eqn (1) to minimize
the background signal, which changed in every reaction.
RSC Adv., 2024, 14, 20585–20594 | 20587

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03045a


Fig. 1 (A) The schematic of SG-aptasensor for DBP detection and (B) secondary structures of the original aptamer, truncated aptamer, and probe DNA.
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Normalized fluorescence ¼ Fc � Fs

Fc

(1)

where Fc and Fs refer to the uorescence signals of the negative
control and sample, respectively.
2.3. Quantication of DBP using the SG-aptasensor

The reaction (total 200 mL) of the assay was prepared with Tris–
HCl buffer (70 mL), the aptamer (100 mL, 5 mM), probe DNA (10 mL,
50 mM), and SYBR Green I (20 mL, 10×). Subsequently, target
analyte DBP (20 mL, various concentrations) was added. The
samples were then incubated for 4 h at ambient temperature (25
°C) with gentle mixing at 300 rpm (MixMate Shaker, Eppendorf,
Hamburg, Germany). For the quantication experiment, 100 mL
DBP stock solution was prepared to 1000 mg L−1 by adding 0.1 g
of DBP (99% purity, Junsei) to methanol (LC-MS Grade, Thermo
Fisher Scientic, Waltham, MA, USA). DBP was serially diluted
with deionized water to obtain nal concentrations of 0.1, 0.5, 1,
5, 10, 50, 100, 500, 1000, 5000, and 10 000 ng L−1.

For the selectivity experiment, four endocrine-disrupting or
potentially endocrine-disrupting compounds were selected for
20588 | RSC Adv., 2024, 14, 20585–20594
comparison with DBP.29,30 The details of four chemicals are
listed in Table S1.† All compounds affect the human endocrine
system. Nonylphenol ethoxylate (NPE) is commonly used as
a surfactant in various products.31 Triclosan (TCS) has been
used as an antibacterial agent for personal products and is
known for disrupting the thyroid hormone.32,33 Bisphenol A
(BPA) and bisphenol S (BPS) are chemical analogs and well-
known endocrine-disrupting chemicals that are used in plas-
tics, receipts, and food packaging.34 DBP, NPE (70% in H2O,
Sigma-Aldrich, St Louis, MO, USA), TCS (>98%, TCI Co., Tokyo,
Japan), BPA (>99%, Daejung), and BPS ($98%, Sigma-Aldrich)
were rst prepared to 1000 mg L−1 stock solution in methanol
(LC-MS grade, Thermo Fisher Scientic) and subsequently
diluted with Tris–HCl buffer. Each chemical (20 mL, 1 ng L−1)
was subjected to SG-aptasensor reaction, including the Tris–
HCl buffer (70 mL), aptamer (100 mL), and probe (10 mL).
2.4. Assay inhibition experiments

To investigate the assay inhibition factors, four experimental
factors (incubation time, temperature, pH, and ionic strength of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) SYBR Green I emission spectra measured with DBP
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View Article Online
the Tris–HCl buffer) and four environmental factors (Mg2+,
Ca2+, Cu2+, and humic acids) were selected.

2.4.1. Experimental inhibitors. Experimental inhibitors
refer to experimental conditions, such as temperature and pH.
The assay inhibition ranges of these factors have been investi-
gated to identify potential obstacles to aptasensor-based
detection. For the incubation time experiment, each reaction
included Tris–HCl buffer, the aptamer, probe DNA, SYBR Green
I, and 1 ng L−1 DBP or deionized water (negative control) and
was incubated at ambient temperature for 0.5, 2, 4, 6, 8, 10, and
12 h.

Temperature experiments were conducted in a manner
similar to that of the incubation time experiment, as described
above. The temperature experiment occurred at 2 °C, 13 °C, 25 °
C, and 37 °C using a refrigerator, incubator (Wise Cube, Daihan
Scientic, Gangwondo, Korea), or oven (HB-500 Minidizer™,
Ultra-Violet Products Ltd, Cambridge, UK). At each incubation,
the humidity was measured to determine the effect of relative
humidity.

The inhibition effect of the pH and ionic strength of the Tris–
HCl buffer was examined. The tested pHs were 6.0, 7.0, 9.0, and
10.0. Solutions of various pH values were prepared with Tris–
HCl (pH 8.0) buffer by adding HCl (0.02 M, Sigma-Aldrich) or
NaOH (0.01 M, pH 12.0, Duksan). pH was measured using a PB-
10 pH meter (Sartorius Co., Göttingen, Germany).

Tris–HCl buffer as an incubation buffer included 0.02 M
MgCl2$6H2O, 0.04 M KCl, and 0.1 M NaCl. To examine the effect
of ionic strength, various NaCl concentrations (0.01, 0.05, 0.1,
0.2, and 0.5 M) were added to the Tris–HCl buffer, and DBP
quantication was conducted at various ionic strengths. The
total ionic strengths were 0.11, 0.15, 0.2, 0.3, and 0.6 M,
respectively, based on eqn (2):35

I ¼ 1

2

X
CiZi

2 (2)

where Ci is the concentration of each ion species in the solution
and Zi is the charge of the ion species.

2.4.2. Environmental inhibitors. Environmental inhibitors
refer to the possible residuals carried from environmental
samples. Cations and humic acids were selected as environ-
mental inhibitors mainly because of the ubiquity of these
constituents in the environmental samples. Several
studies20,24,25 have indicated that DNA hybridization for bacterial
quantication is inhibited by Mg2+ or humic acids. Tan et al.36

developed a biosensor technology that overcomes uorescence
quenching caused by Cu2+ ion.

The 1 M stock solution of cations (Mg2+, Ca2+, and Cu2+ ions)
was prepared by dissolving magnesium chloride hexahydrate
(MgCl2$6H2O, 10.165 g, Daejung), magnesium sulfate hepta-
hydrate (MgSO4$7H2O, 12.324 g, Daejung), calcium chloride
dihydrate (CaCl2$2H2O, 14.701 g, Junsei), and copper(II) sulfate
pentahydrate (CuSO4$5H2O, 24.968 g, Daejung) in 100 mL of
deionized water. The stock solutions were serially diluted to
0.01, 0.1, 1, 10, and 100 mM using deionized water. Each Mg2+,
Ca2+, and Cu2+ ion concentration in 20 mL was added to the
reaction. When conducting cations experiments, the added
© 2024 The Author(s). Published by the Royal Society of Chemistry
volumes of ion solution and Tris–HCl buffer were 20 mL and 50
mL, respectively.

Humic acids (Suwannee River Humic Acid Standard II
2S101H, 200 mg) was obtained from the International Humic
Substances Society (Denver, CO, USA). The humic acids stock
solution was prepared by dissolving humic acids (4 mg) in
10 mL of Tris–HCl buffer (pH 8.0). Aer shaking overnight
(shaking incubator, Wise Cube) to ensure complete dissolution,
the stock solution was serially diluted to 0.001, 0.01, 0.1, 1, 10,
and 100 mg L−1 in Tris–HCl buffer. The 20 mL of humic acids
was subjected to the reaction (200 mL total) with 50 mL of Tris–
HCl buffer.

3. Results and discussion
3.1. Assay conguration of SG-aptasensor

In the developed SG-aptasensor conguration (Fig. 1A), SYBR
Green I was intercalated between the base pairs of double-
stranded DNA, which were formed by the aptamer and probe
DNA. Once the aptamer bound to the DBP, the probe DNA and
SYBR Green I dissociate owing to the conformational change of
the aptamer binding with the target. SYBR Green I loses its
uorescence owing to uorescence quenching by surrounding
water molecules.7 The reduced signal of SYBR Green I is inversely
concentration variation and (B) DBP quantification results via the SG-
aptasensor.

RSC Adv., 2024, 14, 20585–20594 | 20589
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proportional to the amount of DBP. A truncated aptamer was
used in this study instead of the original aptamer6 because of its
smaller standard deviation for DBP detection (Fig. S1†).
3.2. Sensitivity and selectivity of the SG-aptasensor for DBP
detection

The uorescence intensity gradually decreased with increasing
DBP concentration, as shown in the emission spectra (Fig. 2A).
The range of quantication for DBP was three orders of
magnitude (0.1–100 ng L−1 or ppt) (Fig. 2B). In Fig. 2B, the
linear regression equation is y= 0.0357 log x + 0.0535 (r2= 0.70)
and the limit of detection (LOD) is 0.08 ng L−1 based on eqn (3a)
and (3b).37

LOB = meanblank + 1.645 (SDblank) (3a)

LOD = LOB + 1.645 (SDlow concentration sample) (3b)

Based on the limit of quantication of this study (LOQ =

0.0001 mg L−1), the sensitivity of this assay is considered excel-
lent as compared to the previous similar aptasensors for the
detection of DBP, which ranges from 0.000028 to 321 mg L−1

(Table 1). However, the limitation of this assay may be its lower
linearity, because r2 was similar to or lower than that in other
studies, where the linearity ranged from 0.71 to 0.99.
Fig. 3 Selectivity results of the SG-aptasensor for DBP detection with
non-phthalate compounds: (A) fluorescence intensity and (B)
normalized fluorescence.

20590 | RSC Adv., 2024, 14, 20585–20594
As shown in Fig. 3, the selectivity of the SG-aptasensor is
demonstrated in the presence of other endocrine-disrupting
compounds (NPE, TCS, BPA, and BPS). DBP showed a signi-
cant decrease in uorescence between 0 and 1 ng L−1 DBP
(dotted box in Fig. 3A, p-value = 0.0058) compared to the other
four chemicals (p-values of 0.274, 0.204, 0.259, and 0.488 for
NPE, TCS, BPA, and BPS, respectively) (Table S2†). The selective
quantication of DBP was clearly demonstrated by normalized
uorescence (Fig. 3B, red bar for DBP).
3.3. Experimental inhibitors

The results pertaining to the experimental inhibitors (incuba-
tion time, temperature, pH, and ionic strength) are shown in
Fig. 4. Various incubation times (0.5, 2, 4, 6, 8, 10, and 12 h)
were tested for DBP detection using the SG-aptasensor and the
results are presented in Fig. 4A and B. The uorescence inten-
sity for 0.5 h and 2 h are 5197 ± 1157 and 5300 ± 338 in the
presence of DBP, respectively (Fig. 4A). The relatively higher
standard deviations of 0.5 h and 2 h incubation indicate that the
reaction might not have been completed. Aerwards, the stan-
dard deviations decreased aer a 4 h incubation period, as
depicted by the red arrow in Fig. 4A. Therefore, DBP detection
by the SG-aptasensor requires an incubation time of at least 4 h.
Additionally, a mild photobleaching effect of SYBR Green I was
observed over an incubation period of 4 h (Fig. S2†). Therefore,
the uorescence decreased by ∼10% aer 12 h. The signal
decrease over time might have been due to exposure of the
uorescent dye to light or air.38

The effect of temperature on DBP detection by the SG-
aptasensor was tested and is depicted in Fig. 4C and D. The
temperature effect was somewhat interesting, as it did not
follow the optimal conditions (i.e., 37–42 °C) for general DNA
hybridization. Unlike the typical pattern of higher temperatures
providing better results for DNA hybridization, lower tempera-
tures resulted in a higher normalized uorescence in the SG-
aptasensor platform (Fig. 4C). However, the individual
comparison of 2 °C, 13 °C, and 25 °C each using a t-test indi-
cates that they are not signicantly different (all p-values > 0.05)
(Table S3†). This indicates that the actual temperature change
did not signicantly inuence the assay results.

Conversely, 37 °C provides the lowest normalized uores-
cence as compared to the other three temperatures (Fig. 4D).
Aer measuring the relative humidity of each temperature
incubation setting, the 37 °C setting had a markedly lower
relative humidity of <20%. In contrast, the humidity in the other
three temperature settings ranged from 30% to 75%. As indi-
cated in a previous study, microliter-scale volumes in micro-
arrays are vulnerable to inadequate humidity, causing
incomplete hybridization and degradation of the uorescent
dye.39 The lower humidity can be the reason for the lower
uorescence signal. However, more studies may be required to
elucidate the actual mechanism.

A pH range (6.0–10.0) of Tris–HCl buffer for DBP detection
was tested and the results are presented in Fig. 4E and F. As
shown in Fig. 4E, the uorescence values are similar for all pH
values. However, the Tris–HCl buffer with a pH lower than 7.0,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 DBP quantification using the SG-aptasensor in the presence of experimental inhibitors: (A) and (B) incubation time, (C) and (D)
temperature, (E) and (F) pH, (G) and (H) ionic strength.
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or higher than 9.0, may inhibit the assay, because the normal-
ized uorescence was smaller than other pH values (depicted by
dotted red boxes in Fig. 4F). Acidic or basic buffers can affect the
assay by either protonating or deprotonating SYBR Green I and
DNA.40,41

The effect of ionic strength of the Tris–HCl buffer was also
investigated, as shown in Fig. 4G and H. As shown on the right
side of the columns (DBP 1 ng L−1, indicated by the red arrow)
in Fig. 4G, the uorescence increases corresponding to the
excess NaCl concentrations added, whereas the uorescence of
the negative control (DBP 0 ng L−1) is unchanged over NaCl
concentrations. In the same manner, the normalized uores-
cence at 0.5 M of NaCl was signicantly reduced (−0.05 ± 0.07)
as compared to 0.1 M of NaCl (0.27 ± 0.01) (red arrow in
Fig. 4H). More than 0.2 M NaCl might have provided over-
stringency of the pH buffer for aptamer-DBP binding or an
imbalance of charges in the solution. This result is in line with
that of Hianik et al.42 DNA molecules have negatively charged
phosphate groups in the backbone. At higher salt concentra-
tions, the positively charged Na+ ion can preferentially bind
with the negatively charged phosphate group, reducing the
repulsive forces between DNA molecules and facilitating DNA
hybridization.43 Therefore, the effect may cause unnecessary
binding between the aptamer and probe DNA, where the
detachment of probe DNA is required for DBP detection.
Fig. 5 DBP quantification using the SG-aptasensor in the presence of en
humic acids.

20592 | RSC Adv., 2024, 14, 20585–20594
3.4. Environmental inhibitors

The results pertaining to environmental inhibitors (divalent
cations of Mg2+, Ca2+, Cu2+, and humic acids) are presented in
Fig. 5. DBP (1 ng L−1) detection in the presence of various Mg2+

ion showed a pattern similar to that of the negative control
(0 ng L−1 DBP), except for 100 mM Mg2+ (Fig. 5A). This is
somewhat different from the results of several studies that have
demonstrated a range of Mg2+ ion inhibition in DNA
hybridization-based assays. For example, Jin et al.20 indicated
that the Mg2+ ion of 0.01–0.1 mM caused under-estimation of
quantication, whereas the Mg2+ ion of 1–1000 mM caused
over-estimation of quantication. Conversely, the SG-
aptasensor did not demonstrate the serious inhibition in the
presence of Mg2+. However, 100 mMMg2+ ion (dotted red box in
Fig. 5A) appeared to over-estimate the quantication (i.e., by
reducing the uorescence signal [∼13%] of 1 ng L−1 DBP
compared to the negative control of 0 mM Mg2+ ion). This
probably is due to the specic role (‘shield effect’) of the Mg2+

ion, contributing to the secondary structure of the DNA.43,44

Based on the DNA folding form (mfold) calculation,45 the Gibbs
free energy (DGf) of the aptamer secondary structure formation
changed from−1.07 to−1.47 when 100 mM of the Mg2+ ion was
added to the reaction as compared to the negative control
(0 mMMg2+ ion added). This indicates that a certain amount of
Mg2+ ion can reinforce the formation of the secondary structure
of the ssDNA aptamer, preventing it from reverting to its
vironmental inhibitors: (A) Mg2+ ion, (B) Ca2+ ion, (C) Cu2+ ion, and (D)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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original structure via electrostatic binding with negatively
charged DNA. This may explain why more SYBR Green I dye was
released from the aptamer-probe DNA hybrid in the presence of
100 mM Mg2+. Because of the overestimation of the quantity
compared to the negative control (0 mM Mg2+ ion), it can be
considered as inhibition of the assay. However, the concentra-
tion of the Mg2+ ion in the environment is 4–528 mg L−1, which
is equivalent to 0.17–21.72 mM.19,46,47 Because 100 mMMg2+ ion
is beyond the environmentally relevant concentration, the
inhibition by the Mg2+ ion may not be the major concern for the
aptasensor-based applications.

DBP detection in the presence of various Ca2+ ion showed no
remarkable inhibition (Fig. 5B). This result is consistent with
that of Jin et al.20 The ubiquity of Ca2+ ion is accentuated by its
concentration in lake, river, or soil samples and ranges from
0.109 to 127 mg L−1 (0.0027 to 3.17 mM).46,47 Therefore, the
concentration range of Ca2+ ion in the environment is accept-
able for the SG-aptasensor.

DBP detection in the presence of various Cu2+ ion showed
a dramatic inhibitive change at concentrations of 10 and
100 mM Cu2+ (Fig. 5C). In the presence of 100 mM Cu2+, ∼99%
of the uorescence intensity disappeared compared to that of
the negative control (0 mM Cu2+). This result can be deduced
from the chemical nature of the Cu2+ ion. The Cu2+ ion is
classied as a transition metal ion and an inherent uorescence
quenching ion because it suppresses the uorescence emission
by interfering with the process of the Jablonski diagram.36,48 In
Zhao et al.,49 the uorescence was quenched approximately 88%
in the presence of 100 mM Cu2+ ion. Furthermore, the environ-
mentally relevant concentration range of Cu2+ ion was
<0.033 mM in water and 0.11–64.7 mM in soils and
sediments.50–52 Therefore, the aptasensor assay can exhibit the
inhibition by the Cu2+ ion that is environmentally relevant,
when working with real environmental samples (e.g., soils and
sediments).

DBP detection in the presence of various humic acids
showed a signicant decrease at 100 mg L−1 humic acids (red
dotted box in Fig. 5D). The uorescence signal decreased by
20% (without DBP) and 28% (with DBP) in the presence of
100 mg L−1 humic acids compared with that of the negative
control (0 mg L−1 humic acids). The t-test also indicated
a signicant inhibition of the quantication results in the
presence of 100 mg L−1 (p-values were 0.00071 without DBP and
0.00006 with DBP). In Kim et al.,53 humic acids were found to
interfere with DNA hybridization by causing random nonspe-
cic binding between humic acids and DNA. The quantication
capability of the assay was inhibited by approximately 50% by
humic acids in the range of 0.001–1000 mg L−1. The reduction
in gene quantity was 20–50% in the presence of 100 mg L−1

humic acids. This result is in line with the present study, which
showed a 20–28% decrease in the presence of 100mg L−1 humic
acids. In the previous studies regarding the occurrence of
humic acids in the environment, the environmentally relevant
concentration ranged from ∼0.1 to 1970 mg L−1.54–56 Therefore,
100 mg L−1 of humic acids is still environmentally relevant
concentration and it may act as an inhibition factor of SG-
aptasensor applications to environmental samples.
© 2024 The Author(s). Published by the Royal Society of Chemistry
4. Conclusions

An SG-aptasensor was developed to detect DBP. The quanti-
cation range of DBP was 0.1–100 ng L−1 with a LOD of
0.08 ng L−1. Environmental samples are complex and contain
various constituents that can inhibit aptasensor experiments.
Therefore, potential inhibition factors of the SG-aptasensor
were investigated. The experimental inhibitors were tested for
time, temperature, pH, and ionic strength. Our ndings indi-
cated that the assay could detect DBP in a more stable manner
for at least 4 h. Various temperature ranges (2 °C, 13 °C, 25 °C)
and pH buffers (7.0 to 9.0) had no signicant inuence. Excess
ionic strength (above 0.2 M of NaCl) of the Tris–HCl buffer may
cause an inhibitive increase in the uorescence signal because
SYBR Green I can bind to aggregated DNA. Environmental
inhibitors such as divalent cations (Mg2+, Ca2+, and Cu2+) and
humic acids were tested. Cu2+ ion can signicantly inhibit the
assay, resulting in the reduction of 99% of the uorescence
signal in 100 mM Cu2+ ion, whereas the inhibition by Mg2+ and
Ca2+ ion is marginal (<15%). A relatively high but environ-
mentally relevant concentration of humic acids (100 mg L−1)
could also inhibit the assay. These ndings underscore the
importance of considering potential inhibitors when using SG-
aptasensor for detecting DBP in environmental samples. The
robustness of the proposed aptasensor with eld samples will
require further characterization in the future. This will allow us
to observe its response in the presence of potential inhibitors as
well as interference species.
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