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ARTICLE INFO ABSTRACT

In this paper, we developed a non-equilibrium rapid replacement aptamer (NERRA) assay that performed ultra-
fast (in 30 s) quantitative detection of phthalic acid esters (PAEs) without waiting for the reaction to reach
equilibrium. NERRA assay employed fluorescence PoPo3 dye intercalated in an ssDNA aptamer to selectively
detect and quantify the PAEs in water. As the intercalated dye was replaced by the PAEs and quenched in the
water, the rate of fluorescence change became proportional to PAEs concentration. The sensitivity of NERRA
assay was first evaluated with a commercial spectrofluorometer. The selectivity for PAE mixture, individual
PAEs, and non-phthalate compounds were also investigated. NERRA assay was also able to quantitatively detect
the PAEs in a common plastic product (picnic mat), and the results were compared with those of gas chroma-
tography mass spectrometry. Finally, a custom analyzer (8.5 cm X 8.5 cm X 16.5 cm) was built to demonstrate
the portability of the NERRA assay. Using a commercial spectrofluorometer, NERRA assay was able to quanti-
tatively detect a PAE mixture in 30 min with an LOQ of 0.1 pg/L. Using the portable custom analyzer, the
detection time was shortened to 30 s with a tradeoff in the LOQ (1 pg/L). In both cases, the LOQs remain within

Keywords:

Phthalic acid esters (PAEs)
Endocrine disrupting chemicals
Aptamer

Biosensor

Ultra-fast detection

Portable device

the environmentally relevant PAE concentrations of 0.1-1472 pg/L.

1. Introduction

In the early 1900s, the first fully synthetic material (Bakelite) was
created; it became the basis of the entire emerging family of new ma-
terials that is, today, collectively known as plastics. Plastic, in a literal
sense, means moldable in Greek (plastikos). The ubiquity of plastics in
every aspect of our lives is attributable to their versatility of assuming
complex shapes and the accompanying durability.

However, a more sinister aspect of this miracle material began to
surface in the second half of the 1900s. The legendary mechanical
properties of plastics, such as polyvinyl chloride (PVC), are only pos-
sible because of the addition of plasticizers, such as phthalic acid esters
(PAEs) or phthalates [1-4]. In fact, plasticizers are so important that
their loss is the dominant cause of mechanical degradation in PVC pipes
[4]. The loss of plasticizers could be via migration, volatilization, or
leaching into surrounding media, such as water [5,6]. These loss me-
chanisms could also apply to other plasticizer-filled consumer plastic
products, such as food packaging and children toys [7-12]. More spe-
cifically, a percentage of the approximate 8 million tons of plasticizers

produced globally every year will eventually be “lost” and find their
way into our environment, particularly into water.

Plasticizers such as PAEs possess an insidious nature due to their
molecular similarity to human hormones. Once ingested, they behave
like human hormones and disrupt the endocrine system [13]. The no-
toriety that they have gained by interfering with reproduction and
metabolism overshadows their carcinogenicity [14-16]. If PAEs enter
water and soils, they can move up the food chain and eventually into
the human body. Among the PAEs, di-2-ethylhexyl phthalate (DEHP)
has often been selected for regulation owing to its widespread use [17].
In fact, it has already been regulated (no more than 6 ug/L in drinking
water) by the United States Environmental Protection Agency [18].
However, the problem is not limited to DEHP. It is proven that the
different analogs of DEHP such as DBP, DIBP, BBP, DNHP, DNPP,
DCHP, and DIBP (abbreviations are listed in SI), are no less insidious
with regard to their effects on human health [19-22]; hence, they are
also regulated [18,23].

Currently, the quantitative detection of PAEs in environmental
samples are mostly undertaken by conventional laboratory-based
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Table 1

Detection time, assay selectivity, assay sensitivity, and portability of various biosensor technologies for phthalate detection.

Portability ~References

Assay Sensitivity (LOQ and range of

quantification, pg/L)

Detection Time Assay Selectivity

Target Phthalates

Biosensor Technology

This study

Yes

® Non-phthalate chemicals (BPA and 4-NP) (Signals of BPA and 4-NP are ~77% signal of 0.1-200 as PAEs

30 s-30 min”

NERRA assay 7 Phthalic acid

Grouped phthalates

PAEs)
® No selectivity tested

esters”

Immunoassay 8 Phthalic acid

[28]

0.01-100 as PAEs

~ 0.67 h

esters®

Immunoassay DEHP

[29]
[30]
[31]

0.001-1000 as DEHP

® DMP, DEP, DPrP, DBP, DAP, DCHP, and 4-DEHAP (Cross-reactivity: < 0.01%-57%)

~6h
® DCHP, DiBAP, DNOP, DMP, DEP, and DBP (Cross-reactivity: < 0.61%-12.07%)

Individual phthalate

No
No
No

10-357 as DiBP
0.1-100 as DBP
5-250 as DBP

~18h
~17h
~21h

DIBP
DBP
DBP

® DMP, DEP, DPrP, DPP, DEHP, DCHP, DBNP, and DBAP (Cross-reactivity: 0.9%-22.7%)
® DOP, DNHP, DMP, DBEP, DEEP, DPP, BBP, DCHP, DIBP, DEHP, 4-NPA, and DBaP

[32,33]

(Cross-reactivity: < 1%-4.8%)
® Phthalic acid and other non-phthalate chemicals (~10% signal reduction for phthalic

[34]

No

0.0039-39 as DEHP

~3h

DEHP

Aptasensor

acid and other chemicals compared to ~40% signal reduction for DEHP)
® DMP, DEP, DBP, DHP, DIBP, DINP, BBP, and DPP (0%-25% signal reduction for all 8

[35]

Yes

0.0005-100 as DEHP

~6h

DEHP

other phthalates compared to ~38% for DEHP)
® MIP sensor for DEP, DMP, and DAP (Signals of DEP, DMP, and DAP are 50%-75% signal

[36]

1391-13,917 as DBP

~05h

DBP

Other sensors

of DBP)
® Impedance values of non-phthalate chemicals were tested

[37]

No

781-7030 as DEHP

~2h

DEHP

2 Indicates 7 phthalate chemicals comprising PA, DMP, DEP, DBP, DIBP, BBP, and DEHP.

Notes).

Y Indicates the detection time performed by both the portable analyzer (30 s) and laboratory assay (30 min).

¢ Indicates 8 phthalate chemicals comprising DMP, DEP, DBP, BBP, DEHP, DCHP, DnOP, and DNP.
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analytical techniques, such as gas chromatography-mass spectrometry,
high-performance liquid chromatography, or liquid chromatography-
tandem mass spectrometry [24-27]. These methods are accurate and
precise, but also time-consuming and require large-footprint equip-
ment. Alternative quantitative detection methods include im-
munoassays [28-33], aptasensors [34,35], and other types of sensors,
such as a molecularly imprinted polymer sensor [36,37]. The quanti-
tative detection time of these alternative methods are at least 30 min,
and up to 21 h (Table 1). Given the scale of contamination and the
accompanying large number of environmental samples that require
analysis, the quantitative detection time clearly requires improvement.
However, the existing methods are unable to surpass the current
paradigm because they are bounded by the axiom that sensing can only
be performed at equilibrium, which can only be achieved after a sig-
nificant duration.

In this study, we overturned the abovementioned axiom and de-
monstrated a non-equilibrium rapid replacement aptamer (NERRA)
assay that would allow ultra-fast quantitative detection with both a
commercial spectrofluorometer and a custom-built analyzer. The
building blocks of NERRA assay are based on well-known label-free
fluorescence assays [38-41]. Furthermore, NERRA assay comprises a
target-specific ssDNA aptamer intercalated with a water-quenchable
fluorescence dye. Unlike FRET sensors, the proposed assay does not
require an additional fluorescence donor or acceptor [42-44]. Instead,
the intercalated fluorescence dye is directly excited by a laser or LED
source. As shown in Fig. 1a, in the presence of a target, the intercalated
fluorescence dye is rapidly replaced and quenched in the water. This
reduces the emitted fluorescence (561 nm). Unlike conventional
methods, NERRA assay could detect and quantify the target without
waiting for the reaction (hence, fluorescence) to reach equilibrium.

Using the aptamer previously designed by Han et al., for PAEs [34],
PoPo3 as an intercalating fluorescence dye and a commercial spectro-
fluorometer, we first established the appropriate ratio of ssDNA ap-
tamer to PoPo3. Using varying concentrations of PAEs (PA, DMP, DEP,
DBP, DIBP, BBP, and DEHP), we demonstrated the feasibility of NERRA
assay. As shown in Fig. 1b, the target concentration was deduced from
the rate of fluorescence change |ARFUss;/At| instead of the normalized
fluorescence (RFUse1 nm-RFUreference/ RFUreference)- For example, a higher
target concentration would result in a higher value of |ARFUs5s;/At|.
Using the same metric |ARFUs4;/At], the selectivity of NERRA assay to
PAE mixtures, individual PAEs, and non-phthalate compounds were
investigated. In addition, we employed NERRA assay to detect and
quantify the amount of PAEs in a plastic product (i.e., a picnic mat) for
comparison with the gas chromatography mass spectrometry (GC/MS)
analysis. A custom analyzer was also built to demonstrate the port-
ability of the NERRA assay and to improve its detection time. As shown
in Fig. 1c, the target concentration could be alternatively deduced from
the rate of output voltage change (AV,,/At).

2. Materials and methods
2.1. Conformational change analysis of ssDNA aptamer binding with PAEs

An ssDNA aptamer (5-CTT TCT GTC CTT CCG TCA CAT CCC ACG
CAT TCT CCA CAT-3’, Bioneer Corp., Daejeon, Korea) [34] was used for
the collective detection of seven PAEs. The binding affinity of the ap-
tamer to the PAEs as well as PoPo3 was examined using circular di-
chroism (CD) spectropolarimetry. A total of 30 uL of 25 uM aptamer
was added to 240 pL of 0.02 M Tris-HCI buffer (0.02 M of Tris-base, pH
8.0, Sigma-Aldrich, Saint Louis, MO, USA) containing 0.005% of so-
dium dodecyl sulfate (SDS, Sigma-Aldrich), 0.02 M of MgCl,H,O
(Daejung, Gyeonggi, Korea), 0.04 M of KCl (Duksan, Seoul, Korea), and
0.1 M of NaCl (Junsei, Tokyo, Japan). Subsequently, 30 uL of PAEs (1
and 10 pg/L as final concentrations) was added to the solution (a total
of 300 pL). Similar experiment was perfomed for PoPo3 (1 and 5 pg/L
as final concentrations). The 0.02 M Tris-HCl buffer was used as a
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Fig. 1. (a) Schematic of NERRA assay; (b) Operation of NERRA assay via commercial spectrofluorometer; (b) Operation of custom analyzer.

baseline control. Nitrogen purging was performed prior to CD mea-
surement. The CD spectra were obtained from 500 nm to 200 nm at a
scan speed of 200 nm/min by a Jasco J1500 spectropolarimeter (Jasco
Inc., Easton, MD, USA). The length of the quartz cuvette was 1 mm. In
addition, the ellipticity was calculated from three measurements, and
the baseline was subtracted from the results.

2.2. Determination of suitable PoPo3 dye and ssDNA aptamer
concentrations

Determination of suitable ssDNA aptamer concentration. A total
of 20 uL of PoPo3 dye (PoPo™-3 iodide dye, dimeric cyanine nucleic
acid stains, Invitrogen, Carlsbad, CA, USA) and 20 pL of ssDNA aptamer
were mixed with 160 pL of 0.02 M Tris-HCl buffer in an opaque 96-well
microplate (SPL, Gyeonggi, Korea) to achieve the varying final con-
centrations of the PoPo3 dye (0, 0.1, 1, 5, and 10 uM) and the ssDNA
aptamer (0, 0.05, 0.25, 0.5, and 2.5 pM). The total reaction volume was
200 pL, and the solution was incubated for 3 min at ambient tem-
perature without shaking. The fluorescence measurement was per-
formed with a SpectraMax M2 spectrofluorometer (Molecular Devices,
Sunnyvale, CA, USA) at emission and excitation wavelengths of 561 nm
and 530 nm, respectively.

Determination of suitable PoPo3 dye concentration. Using the
procedure described earlier, samples with varying final PoPo3 dye
concentrations (0, 0.1, 1, 5, and 10 uM) and an accompanying final
ssDNA aptamer concentration of 2.5 pM were prepared. After pre-
paration, the samples were immediately subjected to fluorescence
measurement for 10 min at 1 min intervals by the SpectraMax M2
spectrofluorometer.

Comparison with negative controls. Using the procedure de-
scribed earlier, a sample with a final PoPo3 dye concentration of 1 uM
and an accompanying final ssDNA aptamer concentration of 2.5 uM
(Aptamer + PoPo3 + Buffer) was prepared. Together with two nega-
tive controls (NCs; PoPo3 + Buffer and Buffer only), the sample was
subjected to fluorescence measurement for 10 min at 1 min intervals by
the SpectraMax M2 spectrofluorometer.

2.3. Characterization of quantification sensitivity of NERRA assay to PAEs

Aliquots comprising 10 pM PoPo3 dye (20 pL) and 25 uM aptamer
(20 pL) were transferred into the microplate and mixed with 140 pL of
0.02 M Tris-HCI buffer for intercalation (3 min). After intercalation,
20 L of the PAE mixture at varying concentrations (0.1, 1, 5, 50, and
200 pg/L as final concentrations) was added to the microplate, resulting
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in a total reaction volume of 200 pL. As shown in Table S1, the PAE
mixture included phthalic acid (PA), dimethyl phthalate (DMP), diethyl
phthalate (DEP), di-n-butyl phthalate (DBP), diisobutyl phthalate
(DIBP), benzyl butyl phthalate (BBP), and di-2-ethylhexyl phthalate
(DEHP). The PAEs used in the mixture were purchased from AccuS-
tandard (New Haven, CT, USA), except for PA (Sigma-Aldrich). For the
NC, ultrapure distilled water (Ultrapure™ DNase/RNase Free Distilled
Water, Invitrogen) was added instead of the PAE mixture. Immediately
after the addition of the PAE mixture (or NC), the fluorescence mea-
surement was performed for 30 min at 2 min intervals by the Spec-
traMax M2 spectrofluorometer. The rate of fluorescence change
|ARFUs6;/At]| is calculated as follows:

ARFUse1 nm
At

Rate of fluorescence change (‘

_ RFUﬂnal - RFUL’nitial
[ﬁnal — linitial
(€Y

where tiiiq and tgng are the start and stop times of the fluorescence
measurement, and RFUj,yiq and RFUpnq are the corresponding fluor-
escence values at these time points.

It is important to mention that the fluorescence measurement at a
single time point usually yields a significant result once the reaction has
achieved equilibrium. However, to yield a meaningful result during
non-equilibrium, a cumulative representation over a time interval will
be essential. In this regard, the rate of fluorescence change |ARFUss;/
At| will be a suitable cumulative representation.

2.4. Characterization of quantification selectivity of NERRA assay to PAEs

The selectivity of NERRA assay to a PAE mixture, individual PAEs
(PA, DMP, DEP, DBP, DIBP, BBP, and DEHP), as well as non-phthalate
compounds (bisphenol A and 4-nonyl phenol) was characterized.
Detailed information on the non-phthalate compounds is listed in Table
S2. Ultrapure distilled water was also used as an NC. Aliquots com-
prising 10 uM PoPo3 dye (20 pL) and 25 uM ssDNA aptamer (20 pL)
were transferred into the microplate and mixed with 140 pL of 0.02 M
Tris-HCI buffer for intercalation (3 min). Twenty pL of the target (PAE
mixture, individual PAEs, or non-phthalate compounds, 100 pg/L) was
added. The total reaction volume was 200 pL. The fluorescence mea-
surements and rate of fluorescence change calculation were performed
as previously described.

2.5. Quantitative detection of PAEs in a plastic product

Extraction of organic phase. A commercially available picnic mat
was selected as the plastic product to be analyzed by NERRA assay. To
extract the organic phase from the plastic product, a portion (300 mg)
was incubated in 30 mL of methanol (HPLC grade, JT Baker,
Philipsburg, NJ, USA) overnight in a shaking incubator (80 rpm, WIS-
30R, Daihan Scientific Corp., Gangwondo, Korea) at ambient tem-
perature. The extracted organic phase would be subjected to both
NERRA assay and GC/MS analysis. As NERRA assay is a water-based
assay, and to ensure the solubility of the PAEs in water for the NERRA
assay, the organic phase was further diluted (1000 X ) with ultrapure
distilled water. This dilution was verified subsequently to be appro-
priate because the PAE (predominantly DEHP) concentration was
0.16 = 0.05 mg/L, which is within its solubility in water (0.29 mg/L,
Table S1).

Quantitative detection by NERRA assay. Twenty pL of the diluted
sample was transferred to 180 pL of Tris-HCI buffer and intercalated
PoPo3-aptamer complex. The subsequent fluorescence measurement
was performed by the SpectraMax M2 spectrofluorometer. The rate of
fluorescence change (ARFUsg;/At) was calculated using Eq. (1). The
corresponding concentration of PAEs (mg/L) was obtained from Fig. 4b,
and was further converted from mg/L to mg/kg of sample.

Quantitative detection by GC/MS. The DEHP standard solution
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was purchased from AccuStandard and dissolved in methanol to
achieve a final concentration of 10,000 mg/L. Varying concentrations
of the DEHP standard solution (0, 1, 5, 10, 50, 100, 200, 500, and
1000 mg/L in methanol) were prepared by serial dilution with me-
thanol to construct a DEHP calibration curve. As shown in Fig. S1, the
contents of the extracted organic phase were identified as mostly DEHP.
GC/MS (7820A-5977E, Agilent Technologies, Santa Clara, CA, USA)
was operated in both the scan and SIM modes. The m/z ratio for DEHP
quantification was set to 149 and 167. A DB-5MS column (Agilent) with
a length of 30 m, diameter of 250 pm, and film thickness of 0.25 um was
used. In addition, helium gas was used as the carrier gas at a pressure of
7.23 psi. Splitless injection was used with an injection volume set to
1 pL. Meanwhile, the inlet temperature was set to 280 °C and the oven
temperature was changed as follows: initial temperature was set at
50 °C for 1.5 min, then increased to 320 °C at a rate of 15 °C/min, where
it was maintained for 4.5 min [45]. The peak area of DEHP corre-
sponding to the extracted organic phase was converted to DEHP con-
centration (mg/L) using the DEHP calibration curve (Fig. S2). The unit
was subsequently converted from mg/L to mg/kg sample.

2.6. Design and operation of custom analyzer

To demonstrate the portability of NERRA assay, a custom analyzer
was constructed. As shown in Fig. 2a, the custom analyzer comprised an
analysis enclosure and an electronic enclosure. A cuvette holder was
placed inside the analysis enclosure to minimize external perturbation
during measurement. An LED (10 W, wavelength centered at
400-405 nm, Epiled, China) was positioned on one side of the cuvette
holder. Photodiodes (S6429-01, centered at 540 nm, Hamamatsu Pho-
tonics, Japan) were also positioned on the sides of the cuvette holder
and were orthogonal to the LED. The switching of the LED was con-
trolled by a microcontroller board (OrangeBoard, Kocoafab, Korea). A
heatsink and fan (Model MF15B-05, SEPA Europe GmbH, Eschbach,
Germany) were used to cool the LED during operation. The auxiliary
components included a 16 X 2 LCD (Hitachi HD44780 equivalent with
PCF8574AT based I12C backpack module) and a 4 X 4 matrix keypad.
The LED voltage was controlled separately via a potentiometer. The
output from the photodiodes were directed to a charge integrator, si-
milar to that employed by Lim et al. [35], comprising a low-cost op-
erational amplifier (LTC1051, Linear Technologies, USA) as well as a 10
UF feedback capacitor. The output voltage from the charge integrator
was monitored by both the microcontroller board, as well as an external
datalogger (Volt101A, MadgeTech Inc, NH, USA) and a computer. The
external datalogger was employed because the custom analyzer is yet to
be fitted with a built-in datalogger. The top views of the electronics
enclosure and analysis enclosure are shown in Fig. 2b and c, respec-
tively, with overall dimensions of 8.5 cm X 8.5 cm X 16.5 cm. The
analysis enclosure was positioned on top of the electronics enclosure
(Fig. 2d) as this ensured the ease of loading and unloading of the
sample-laden cuvette into the cuvette holder.

Prior to operation, the LED voltage was set via the potentiometer.
The measurement duration was also programmed via the keypad. The
sample-laden cuvette was placed into the cuvette holder and covered
with an opaque lid to minimize noise from ambient light. When the
start button was pressed, the sample-laden cuvette would be illumi-
nated by the LED. Although the LED was centered at ~410 nm, its
spectrum extended to 530 nm (which was necessary to excite the PoPo3
dye). As the PoPo3 dye was gradually replaced by the PAEs and
quenched, the fluorescence emission at 561 nm also gradually de-
creased until it eventually reached equilibrium. This gradual decrease
in the fluorescence translated into a decreasing photodiode current. The
relationship between the decreasing fluorescence, photodiode current,
and the charge integrator output voltage could be described as follows:

dRFIJSGl nm & ﬂ
dt dt (2a)
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Fig. 2. (a) Schematic of custom analyzer; Photos of custom analyzer: (b) Top view of electronics enclosure; (c) Top view of analysis enclosure; (d) Assembled view.

dar _ Cdzvout
dt dr? (2b)

where RFUsg1 nm is the fluorescence, I is the photodiode current, C is the
capacitor in the charge integrator, V,, is the charge integrator output
voltage, and t is time. For a given time interval At, we could further
simplify the relationships in Egs. (2a) and (2b) as follows:

ARFUSGI nm & ﬂ
At At (3a)

AL AV
A" Tar (3b)

The rate of the output voltage change would be proportional to the
rate of fluorescence change and the corresponding concentration of
PAEs. Similar to the rate of fluorescence change |ARFUss;/At|, the rate
of the output voltage change (AV,,,/At) will be an appropriate cumu-
lative representation to yield a significant result for non-equilibrium

measurement.
2.7. Quantitative detection of PAEs by custom analyzer

Thirty pL of 10 uM PoPo3 dye and 30 pL of 25 uM ssDNA aptamer
were transferred into a cuvette (Q-Vettes semi-micro, Ratiolab®,
Hessen, Germany) and mixed with 210 pL of 0.02 M Tris-HCl buffer.
After 3 min of intercalation, 30 uL of the PAE mixture at varying con-
centrations (0, 1, 10, 50, and 100 pg/L) was added to the cuvette (total
volume of 300 pL). The cuvette was placed in the cuvette holder of the
custom analyzer and covered with an opaque lid. Subsequently, the
analyzer was set to excite PoPo3 dye and measure the fluorescence for
5 min. The voltage of the LED excitation source was set to ~8.6 V
throughout the measurement. The output voltage V,, of the charge
integrator was recorded by the datalogger at 1 s intervals. The mea-
surements were performed three times. The rate of output voltage was
calculated as shown in Eq. (4).
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Vﬁnal - Vim'tial

AV, \%
Rate of output voltage change —2 (m_) =

At \min

[ﬁnal — linitial (4)
where ti;yir and tgnq are the start and stop times of measurement, and
Vinitiar and Vpng are the corresponding output voltages Vi, at these
times.

3. Results and discussion
3.1. Conformational change analysis of ssDNA aptamer binding with PAEs

As shown in Fig. 3a, a CD spectral change at ~245 nm was observed
as a result of PoPo3 dye intercalation into the aptamer. The negative CD
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Fig. 4. (a, b) Sensitivity of NERRA assay for PAE quantification: (a) Replacement of PoPo3 dye over time by PAEs; (b) Rate of fluorescence change |ARFUsg; nm/At]
versus concentration of PAEs (ug/L). The dotted line refers to the NCs with no PAEs. (c, d) Selectivity of NERRA assay to PAE mixture and individual PAEs; (e, f)
Selectivity of NERRA assay to PAE mixture and non-phthalate compounds (BPA and 4-NP).

band at ~245 nm decreased from 0.1711 mdeg (aptamer only) to
—0.2804 mdeg (aptamer with 1 ug/L PoPo3 dye) and —0.8328 mdeg
(aptamer with 5 pg/L PoPo3 dye). In general, a decrease in the intensity
of the negative CD band occurs when target molecules are inserted
perpendicular to the helical DNA axis [46-48]. Since the peak at
~245 nm is the only negative CD band in Fig. 3a, it is reasonable to

conclude that the PoPo3 dye intercalated perpendicular to the base
pairs of the aptamer.

As shown in Fig. 3b, the CD spectra suggest that the ssDNA aptamer
has the typical B-form of DNA with negative and positive bands at
240 nm and 280 nm, respectively [49]. As indicated by the circle, the
interaction of the PAE mixture with the ssDNA aptamer induced a CD
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Table 2

P-values obtained by student's t-test to compare each sample with NC (con-
fidence level = 99%). Note: *NC refers to PoPo3-aptamer complex in Tris-HCl
buffer solution (no target).

No. Type Target P-value

1 - *NC -

2 Phthalate PAE Mixture 0.000219
3 Phthalate PA 0.000612

4 Phthalate DMP 0.007386

5 Phthalate DEP 0.001798

6 Phthalate DBP 0.002011

7 Phthalate DIBP 0.002702

8 Phthalate BBP 0.005440

9 Phthalate DEHP 0.002190

10 Non-phthalate BPA 0.025975
11 Non-phthalate 4-NP 0.020818

spectral change at ~280 nm. After the addition of the PAE mixture (1
and 10 pg/L), the positive CD band at ~280 nm decreased from 0.749
(aptamer only) to 0.391 (aptamer with 1 pg/L PAEs) and 0.414 (ap-
tamer with 10 pg/L PAEs) x 10~ 3°, respectively. This suggests that the
interaction of the PAEs with the ssDNA aptamer probably caused the
conformational change of the DNA aptamer. Nonetheless, the exact
binding mechanism remains to be determined. In the previous studies
[35,42], a decrease in the intensity of the negative CD bands (~240 nm
or 320 nm) could occur in the event of either perpendicular insertion of
target molecules to the helical DNA axis or ligand transitions between
the target molecule and DNA. As the change of the negative band
(~240 nm) was marginal, it is unlikely that the binding is via inter-
calation.

3.2. Determination of suitable PoPo3 dye and ssDNA aptamer
concentrations

At a given ssDNA aptamer concentration, the fluorescence (RFUss;
am) increased with the PoPo3 dye concentration (Fig. 3c). This is con-
sistent with the understanding that the PoPo3 dye would be inter-
calated into the ssDNA aptamer, hence would increase the fluorescence.
As expected, the increment in the ssDNA concentrations also resulted in
the corresponding increment of the fluorescence for a given PoPo3
concentration. The plots corresponding to 0.05, 0.25, 0.5, and 2.5 uM of
ssDNA aptamer are rather linear and have R? (coefficient of determi-
nation) values of 0.88, 0.92, 0.95, and 0.98, respectively. The regres-
sion plots are shown in Figs. S5a-S5d. The ssDNA aptamer concentra-
tion of 2.5 UM also has the best linearity (highest R?) and exhibited the
highest fluorescence over the given PoPo3 dye concentration range
(0.1-10 pM). This ssDNA aptamer concentration was used throughout
the subsequent experiments.

As shown in Fig. 3d, although higher PoPo3 dye concentrations
corresponded to higher fluorescence values (RFUsg; nm), they also
corresponded to an observable decrease of the fluorescence over time
(possibly due to photobleaching). At the highest PoPo3 dye con-
centration of 10 uM, the fluorescence decreased from 224.12 *= 1.70 to
197.66 = 0.48. This is an ~11.8% decrease over a duration of 10 min.
Similarly, the PoPo3 dye concentrations of 5 and 1 uM also resulted in a
fluorescence decrease from 93.81 =+ 6.74 to 85.00 * 7.17 (~9.4%)
and 33.33 * 2.93 to 31.81 * 0.95 (~4.6%), respectively. As its
fluorescence decrease was less than 5% over 10 min, 1 uM was de-
termined as a suitable PoPo3 dye concentration for the subsequent
experiments.

The fluorescence values corresponding to the PoPo3 dye and ssDNA
aptamer (Aptamer + PoPo3 + Buffer) concentrations of 1 and 2.5 uM,
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respectively, were compared to those of the two NCs (Fig. 3e). As ex-
pected, the NC (PoPo3 + Buffer) produced a lower fluorescence of
42.43 + 0.80-47.16 = 1.42. The other NC (Buffer) resulted in an
even lower ambient measurement of 16.60 * 2.10-20.46 = 5.60.
This is consistent with the quenching of the PoPo3 dye fluorescence in
the absence of intercalation with an ssDNA aptamer.

3.3. Characterization of quantification sensitivity of NERRA assay to PAEs

The response of NERRA assay to the varying concentrations of PAE
mixtures is shown in Fig. 4a. The fluorescence (RFUsg; nm) decreased
over the 30-min duration and did not appear to have reached an
equilibrium. Therefore, as previously mentioned, the rate of fluores-
cence change |ARFUsg;/At| as a cumulative representation would yield
a meaningful result compared with a single-time-point measurement.
For PAE mixture concentrations of 0 (NC), 0.1, 1, 5, 50, and 200 pg/L,
the corresponding |ARFUss;/At| values were 0.71 +  0.04,
1.16 = 0.04, 1.26 *= 0.04, 1.29 * 0.02, 1.29 = 0.03, and
1.34 = 0.03 (Fig. 4b). This resulted in a regression of y = 0.048 log
(x) + 1.23 with R? = 0.71, where y is |ARFUss;/At| and x is the PAE
mixture concentration. Note that DNA based fluorescence assays
(analog of the proposed NERRA assay) had calibration plots with R?
that ranged from 0.63 to 0.94 [35,42,50,51]. And the corresponding
limit of quantitation (LOQ) was 0.1 pg/L. As the environmentally re-
levant PAE concentrations in aquatic systems range from 0.1 to
1472 pg/L [52,53], NERRA assay is considered to have the appropriate
quantification range for PAE monitoring in the environment.

3.4. Characterization of quantification selectivity of NERRA assay to PAEs

The selectivity of NERRA assay to the PAE mixture and individual
PAEs is shown in Fig. 4c and Table 2. Compared to the NC, the
|ARFUse;/At| value of the PAE mixture and individual PAEs showed P-
values of less than 0.01 (student's t-test, 99% confidence level, Table 2).
This indicates that their |ARFUsq;/At| values are significantly different
(higher) than those of the NC. In order to further appreciate the relative
difference between PAE mixture and individual PAEs, the NC back-
ground |ARFUss;/At| value is first subtracted from that of all samples
and then they are normalized to that of PAE mixture (Fig. 4d). It shows
that the normalized |ARFUss;/At| values of PA, DMP, DEP, DBP, DIBP,
BBP, and DEHP were 89%, 59%, 60%, 58%, 54%, 62% and 68% re-
spectively. It is interesting to note that the normalized |ARFUs¢;/At| of
PA was the highest among the PAEs. This is because PA also has the
simplest structure among the phthalates (Table S1). Therefore, it is
reasonable to suggest that the PA structure could be primarily re-
sponsible for the binding of the PAEs to the ssDNA aptamer.

As to the reason behind the PAE mixture yielding the highest
|ARFUsg;/At], it is likely due to the higher affinity of the aptamer to the
PAE mixture as compared to individual PAE. For example, background
subtracted normalized |ARFUse;/At| for PA only was 89%. This might
suggest 11% of the aptamer did not bind to PA and might have affinity
for other PAEs instead. Therefore, in a PAE mixture, an aptamer that
did not bind to PA would conceivably instead bind to other PAEs. An
aptamer is more likely to bind to one of the PAEs in a mixed (7 PAEs)
sample as compared to a single PAE sample.

The |ARFUsg;/At| of PAE mixture and other non-phthalate com-
pounds (BPA and 4-NP) are shown in Fig. 4e. As shown in Table 2, the
P-values of BPA and 4-NP (as compared to NC) were ~0.026 and
~0.021, while that of PAE mixture was ~0.0002. This means that the
|ARFUs6;/At| value of BPA and 4-NP are statistically no different from
that of NC and further implies the NERRA assay has higher selectivity to
PAE mixture as compared to BPA and 4-NP. In order to further ap-
preciate the selectivity of NERRA assay to PAE mixture over BPA and 4-
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Table 3
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Quantitative detection of PAEs extracted from a plastic product by both NERRA assay and GC/MS analysis; the standard deviation was calculated from three

measurements.

Sample information NERRA assay, A (mg PAEs/kg sample)*

GC/MS analysis, B (mg DEHP/kg sample) A/B X 100 (%)

Plastic Product (Picnic Mat) 164 = 59.7

217.2 = 10.8 75.7 = 23.8

Note) *The majority of PAEs was identified as DEHP (Fig. S1).

NP, the background |ARFUses;/At| (which is that of NC) is subtracted
from that of PAE mixture, BPA and 4-NP. They are then normalized to
that of PAE mixture. As shown in Fig. 4f, the background subtracted
normalized |ARFUss;/At| of BPA and 4-NP were 33% and 36%, re-
spectively, as compared to that of PAE mixture (100%).

3.5. Quantitative detection of PAEs in the plastic product

As shown in Table 3, NERRA assay was able to quantitatively detect
the PAEs in a plastic product (164 * 59.7 mg PAEs/kg sample). Based
on the GC/MS results, the peaks of which are shown in Fig. S1 with m/z
ratios of 149 and 167, the predominant PAE in the plastic product was
subsequently determined as DEHP (217.2 = 10.8 mg DEHP/kg
sample). This indicates that NERRA assay effectively quantified only
DEHP instead of the PAE mixture. In this case, the quantification by
NERRA assay was lower, 75.7 *+ 23.8% of the GC/MS result. This is
consistent with the earlier observation shown in Fig. 4c and d that
NERRA assay quantification for DEHP only would be lower than that
for the PAE mixture at a given concentration.

3.6. Quantitative detection of PAEs by custom analyzer

As expected, the output voltage (V,,) of the custom analyzer in-
creased with time (t) for varying PAE mixture concentrations (Fig. 5a).
More importantly, a higher PAE mixture concentration resulted in a
lower V,,.. Att = 300 s or 5 min, PAE mixture concentrations of 0, 1,
10, 50, and 100 pg/L yielded V,, of 2.46 = 0.01, 1.88 = 0.01,
1.75 = 0.01,1.72 = 0.01, and 1.65 = 0.00 V (or X 10° mV), re-
spectively. The corresponding rates of output-voltage changes (AV,,/
At) were 7.92 + 0.07,6.04 = 0.03,5.66 *= 0.05,5.52 + 0.02, and
5.31 = 0.03 mV/min, respectively (Fig. 5b and S3). Therefore, the
resulting regression fit was y = - 0.34 log(x) + 6.03 (R? = 0.97),
where y is AV,,/At and x is the PAE mixture concentration. More
specifically, the PAE mixture concentration was quantified by the
custom analyzer after 5 min.

Further examination of Fig. 5a would naturally lead to the possi-
bility of a shorter time for quantification. Therefore, AV,,,/At was also
calculated for three more time points at t = 3, 1, and 0.5 min (30 s).
The results are shown in Fig. 5c, d, and 5e, respectively, as well as in
Fig. S3. Particularly at t = 30 s, the PAE mixture concentrations of 0, 1,
10, 50, and 100 pg/L yielded V,,, values of 8.45 + 0.12,6.50 + 0.02,
6.03 + 0.04,5.94 =+ 0.01, and 5.69 * 0.04 mV/min, respectively.
This also provided a similar regression line of y = - 0.37 log(x) + 6.47
(R> = 0.94). Thus, the custom analyzer was able to perform the
quantitative detection of PAEs in as quickly as 30 s with an LOQ of
1 pg/L.

3.7. Potential and limitations of NERRA assay

Using a commercial spectrofluorometer, NERRA assay was able to
quantitatively detect a PAE mixture in 30 min with an LOQ of 0.1 pg/L.
Using the portable custom analyzer, the detection time was shortened
to 30 s with a tradeoff in the LOQ (1 pg/L). In both cases, the LOQs
remain within the environmentally relevant PAE concentrations of
0.1-1472 pg/L. Given the small footprint of the custom analyzer, as
shown in Fig. 2, the portability of NERRA assay is evident. Table 1

shows another optical fiber-based detection immunoassay for a PAE
mixture by Tang et al. [28]. It has an LOQ of 0.01 pg/L but required
40 min to obtain results. This assay also did not demonstrate assay
selectivity as well as portability. As mentioned earlier, it is unsurprising
that the sensitivity of NERRA assay to a specific PAE (such as DEHP,
DIBP, or DBP) is lower than that by other DEHP-specific methods, such
as by Han et al. [34], and Lim et al. [35]. However, similar to other
single-PAE detection methods [29-37], their detection times varied
from 30 min to 21 h. In addition, all of these methods (other than Lim
et al., 2018) did not demonstrate a portability. For Lim et al., 2018, the
portability was demonstrated but its LOQ was not reported [35].

4. Conclusion

We have demonstrated a non-equilibrium rapid replacement ap-
tamer (NERRA) assay that could perform ultra-fast quantitative detec-
tion of a PAE mixture (PA, DMP, DEP, DBP, DIBP, BBP, and DEHP)
without waiting for the reaction to reach equilibrium. Using PoPo3 dye
(1 uM) intercalated into an ssDNA aptamer (2.5 uM), the PAE mixture
concentration could be measured in 30 min via a commercial spectro-
fluorometer with a corresponding LOQ of 0.1 ug/L. The selectivity of
NERRA assay to PAEs over non-phthalate compounds, such as BPA and
4-NP, was also demonstrated. Furthermore, NERRA assay was able to
quantitatively detect 164 = 59.7 mg PAEs/kg sample (mostly DEHP)
in a plastic product (picnic mat). The result was less than that via GC/
MS at 217.2 * 10.8 mg DEHP/kg sample and consistent with the
understanding that NERRA assay is less sensitive to individual PAEs.
Instead of using a commercial spectrofluorometer, NERRA assay could
also be operated via a custom analyzer. This significantly reduces the
detection time to 30 s with a tradeoff of the LOQ (1 pg/L). More spe-
cifically, the NERRA assay via the portable custom analyzer could
perform ultra-fast (30 s) quantitative detection of PAEs that were at
environmentally relevant concentrations.
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