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Abstract

A low-field nuclear magnetic resonance (LF-NMR) DNA-hydrogel (LNDH) nanoprobe was designed for bisphenol A (BPA)
determination. It consists of Fe;0, superparamagnetic iron oxide nanoparticles (SPIONs) and a DNA-hydrogel technology.
Fe;0,4 SPIONs were encapsulated in the DNA-hydrogel to form an aggregated state. After adding BPA, the gel system trans-
formed into a sol gel due to the target-aptamer specific binding. The coated gathered particles dispersed and thus, the relaxation
time 7, declined. The LNDH nanoprobe was developed to realize a simple, sensitive, and effective BPA determination method
without repeated magnetic separation steps. Under the optimal experimental conditions, the determination range of the LNDH
biosensor was 10 2~10? ng mL ™" and the limit of determination was 0.07 ng mL'. The LNDH nanoprobe was applied to two
kinds of water samples (tap water and bottled water). The recovery ranged from 87.85 to approximately 97.87%. This strategy
offered a new method to detect BPA by LF-NMR. It is also expected to be applicable in related fields of food safety determi-

nation, environmental monitoring, and clinical diagnosis.
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Introduction

Endocrine-disrupting chemicals (EDCs) have gained increas-
ing attention because of their potential impacts on human
health [1]. EDCs can mimic the action of the hormone estro-
gen disturbing the estrogen-estrogen receptor binding process
(hormonal pathways) [2] and causing possible health effects
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[3]. Bisphenol A (BPA) is a kind of EDCs and is commonly
used in our daily household products or various kinds of pack-
aging. It is a major kind of raw materials used to produce
polycarbonate plastic, epoxy resin, thermal-resistant products,
and health care products [4, 5]. The annual BPA production
was estimated to be more than 5 million tons in 2015 [6].
Based on daily use conditions and their potential effects on
human health, it is necessary to propose a sensitive, fast, and
easy to operate method to detect BPA. Several kinds of effec-
tive techniques have been developed for BPA determination.
Traditional methods including high-performance liquid chro-
matography (HPLC) [7, 8], ultraviolet and visible spectropho-
tometry (UV-Vis), and mass spectrometry (MS) [9] have been
widely used. These methods are mature, sensitive, and stable,
but these methods also require complicated predisposal pro-
cesses, professional operators, and/or expensive instruments.
The methods are time-consuming, which is also a drawback.
Chromatography generally requires expensive apparatuses,
large amounts of organic solvents and other chemicals, and
extensive sample pretreatment such as purification, concentra-
tion, and derivatization. However, it takes only 6 h to synthe-
size Fe;0,4 superparamagnetic iron oxide nanoparticles
(SPIONSs) with a simple method. Our method requires only a
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small amount of reagent to complete the test and does not
require large apparatuses. The low-field nuclear magnetic res-
onance (LF-NMR) detection method is superior to the tradi-
tional chromatography in these points.

Biosensor technology is becoming increasingly attractive
in the field of EDC determination. Many types of methods,
including electrochemical biosensors [10-14], fluorescence
biosensors [1, 4, 15-19], and SERS biosensors [20, 21], have
been applied in BPA determination. Magnetic relaxation
switching assays with a broad and tunable determination
range can greatly improve current magnetic sensors for bio-
chemical determinations [22]. Combining click chemistry
with low-field NMR technology develops biosensors with
practical determination capabilities [23]. For BPA determina-
tion, LF-NMR is a relatively new technology. Its noninvasive
and nondestructive nature coupled with its high discriminative
power makes it become an invaluable analysis tool for a wide
range of applications in many fields [24]. LF-NMR technolo-
gy refers to the spectroscopy technique based on nuclear re-
laxation analysis with a field strength below 0.5 Tesla. The
longitudinal relaxation time 77 (spin-lattice relaxation), trans-
verse relaxation time 75 (spin-spin relaxation), and the diffu-
sion coefficient can reflect the motion properties of hydrogen
protons in a system. The determination of hydrogen proton
changes in a system by LF-NMR provides a new method for
detecting EDCs. Magnetic separation is a necessary operation
step in most LF-NMR studies. This step makes the experimen-
tal operation more complicated and results in a lengthier pro-
cess with some loss of the sample. Combining SPIONs and
DNA-hydrogels can effectively compensate for the above de-
ficiencies. A hydrogel is a three-dimensional polymer net-
work, in which the individual hydrophilic polymer chains
are connected by the physical or chemical bonds. It has be-
come one of the most appealing polymer materials and is
usually used to prepare sustainable-release systems. DNA-
hydrogels not only have the good biocompatibility and pro-
grammability of DNA but also have the hydrophilic and me-
chanical properties of hydrogels. This kind of material has
excellent performance in pharmaceutical development and re-
generative medicine based on the above merits [25, 26].
Herein, we proposed an LF-NMR DNA-hydrogel determina-
tion strategy.

In this research, we provide an LNDH nanoprobe
method to detect BPA using an aptamer-functional hydro-
gel system and Fe;O4 SPIONSs. In this design, the intro-
duction of the target molecules destroys the hydrogel sys-
tem by specific binding between the target and aptamer to
release the encapsulated Fe;04 SPIONs, which results in
changes in the particle state from gathered to scattered. In
this way, the T, relaxation time declines, and the signal
change is detected by LF-NMR. The proposed LF-NMR
aptamer-functional hydrogel nanoprobe is a promising
method for BPA determination.

@ Springer

Experimental methods
Materials and instruments

All related materials and instruments are shown in the supple-
mentary material.

Preparation of the hydrogel

Freshly prepared initiators, including 10 mg APS, 5 uL
TEMED, and 95 pL deionized water, were used. Acrydite-
modified S-A and S-B were centrifuged for 30 s and diluted to
5 pmol L with deionized water. Then, the above solutions
were diluted to 2.5 pmol L with 1.5% acrylamide solution,
after vacuum desiccation for 3 min to remove oxygen at room
temperature. The above initiator was added according to a
specific ratio and vacuum-desiccated for 5 min to remove
oxygen at room temperature. Then, the two tubes were shaken
overnight to form polymer strands A (PS-A) and B (PS-B).
Linker-Apt was centrifuged for 30 s and diluted to
2.5 umol L™" with deionized water. Then, the samples were
denaturized at 95 °C and slowly cooled down to room tem-
perature to ensure the formation of complete and stable
structures.

PS-A, PS-B, and Linker-Apt were mixed in a stoichiomet-
ric ratio (1:1:1), and Fe;04 SPIONs were added to the above
DNA-hydrogel system. The mixture was shaken at 37 °C for
2 h (1000 rpm) to form the hydrogel system. Then, the sam-
ples were stored at 4 °C to preserve them.

The determination process of the proposed strategy

For BPA determination, methanol was used to prepare a BPA
solution at a concentration of 1 mg mL ™. Then, 10 pL of the
prepared BPA solution was added to 90 uL of PBS. In this
way, the solution was diluted ten times to 1 pg mL". Different
concentrations from 1 mgmL ™" to 1 pgmL™" of BPA solution
were added into the determination system respectively. When
mixed totally, the above mixture was shaken and incubated at
37 °C for 2 h (1000 rpm). Then, the centrifuge tubes were
removed without repeated magnetic separation operations,
and the 75 relaxation time was tested by LF-NMR directly.

The DNA-hydrogel was characterized by SEM under the
condition of gold plating on the silicon surface. The LSCM
images also displayed that the DNA-hydrogel was formed and
the SPION-labeled fluorescent probe was encapsulated.

Four different concentrations (1~1000 ng mL ) of BPA
solution were chosen and added to four different centrifuge
tubes with the same determination system. When mixed
completely, the above mixture was shaken and incubated at
37 °C for 2 h (1000 rpm). Then, the centrifuge tubes were
removed and 50 L was drawn for characterization by DLS.
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Scheme 1 Schematic of the LNDH biosensor. Acrydite-modified single-
strand DNA was copolymerized with acrylamide to form linear DNA—
polyacrylamide conjugates PS-A/B, and the aptamer and Fe;0, SPIONs
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Fig. 1 Characterization of the LNDH before and after adding BPA. a, d
TEM images of the LNDH biosensor before and after adding BPA. b The

LNDH biosensor

image of the determination system visual change. ¢, f LSCM images of
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were added to form DNA-hydrogels. When the aptamer captured the
target, the hydrogel was destroyed to disperse the coated Fe;O4
SPIONS. T relaxation time declined

the LNDH biosensor before and after adding BPA. e SEM images of the
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Fig. 2 DLS images of LNDH biosensors with different concentrations of BPA. a, f The size distribution of LNDH before and after forming a hydrogel.
b—e The size distribution of different concentrations of BPA (100, 10, 1, 0.1, and 0 ng mL ™

Selectivity

To investigate the selectivity of this strategy, we chose five BPA
chemical mimics including BPB, BPC, BP, 6F-BPA, and tb-
BPA (these chemicals are very similar in structure with BPA
because they all contain two benzene rings) to conduct the next
process. These chemical mimics (10 ug mL™") were separately
added to the tubes and their 7, relaxation time was recorded by
LF-NMR.

Real sample analysis

To investigate the practicability of real sample analysis, we chal-
lenged our method with tap water and bottled water that could be
contaminated by BPA. Several environmental water samples
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spiked with BPA at concentrations of 10%, 10%, and 10 ng mL™!
were tested using the proposed method. The tap water was filtered
using a needle-type filter to remove the particulate in advance. A
BPA solution was prepared at a concentration of 1 mg mL™" with
methanol, and then, diluted to 10, 10°, and 10 ng mL ™" with the
tap water or the bottled water separately. Three parallel samples
were set up for the different types of water.

Results and discussion
Working principle of the proposed nanoprobe

An LNDH nanoprobe for sensitively detecting BPA was pro-
posed. The synthesis process and determination principle of
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Fig. 3 Dynamic rheology behaviors of LNDH biosensor. a The storage modulus (G') and loss modulus (G") curves of LF-NMR DNA-hydrogel
biosensor. b The complex viscosity of the determination system with different concentrations of BPA
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Fig.4 a Relaxation time AT, corresponding to different concentrations of BPA: 10 >~10° ng mL™". b The image shows the linear relationship between

the BPA concentrations of 10 2~10% ng'mL ™"

the strategy are shown in Scheme 1. First, two types of
acrydite-modified single-strand DNA (S-A and S-B) were
copolymerized with acrylamide to form linear DNA—
polyacrylamide conjugates, named PS-A or PS-B. When
mixed in the same amounts, the grafted polymers are in a
transparent liquid state. Then, adding Fe;O, SPIONs into
the mixture, the hydrogel formed a three-strand structure after
the addition of the initiator BPA aptamer. In the hybridization
process, the cross-linking ratio of polyacrylamide increased
which resulted in the increased viscosity of the polymer solu-
tion. When adding the target BPA, the aptamer captures the
target molecule which resulted in destroying the hydrogel
structure. The coated SPIONSs return to a dispersed state, and
T, therefore decreases (parameters: Q-CPMG TW (ms) 8000
TE:0.8 NECH:17,000).

Characterization of the LF-NMR DNA-hydrogel
nanoprobe

The TEM image clearly indicates that the SPIONs were
encapsulated in the hydrogel in Fig. la. The diameter of
the SPIONs was approximately 15~20 nm, and the parti-
cles were aggregated in the hydrogel and distributed even-
ly. Figure 1d shows the change after adding BPA.
Figure 1d clearly shows that the particle state changed
from aggregation to dispersion. The DNA-hydrogel was

characterized by SEM under the condition of gold plating
on the silicon surface. As shown in Fig. le, the DNA-
hydrogel structure was clearly porous. The pore size was
less than 1 pm in diameter. Figure 1b revealed the visual
differences in the hydrogel states before and after adding
BPA. The LSCM images also displayed that the DNA-
hydrogel was formed and the fluorescent probe-labeled
SPIONs were encapsulated in Fig. lc. As shown in this
figure, the fluorescence intensity was weak due to ag-
glomeration of the magnetic nanoparticles, but after
adding the target, as Fig.1f displays, the magnetic nano-
particles diffused into the system, which results in recov-
ery of the fluorescence intensity and dispersion.

As shown in Fig. 2, the DLS images revealed the size
distribution of the Fe;04 SPIONSs, in an aptamer-functional
hydrogel system with different concentrations of BPA (100,
10, 1, 0.1, and 0 ng mLﬁl). In Fig. 2a, the size distribution of
Fe3;04 SPIONs was almost 100 nm and mostly concentrated at
30~45 nm. When forming the hydrogel system, the size in-
creased to approximately 8 pm, as shown in Fig. 2f. However,
after adding four different concentrations of BPA, the size
distribution declined with increasing concentration, as shown
in Fig. 2b—e.

The viscoelastic properties of the proposed method were
examined by rheological testing. The storage modulus (G')
and loss modulus (G”) are used to evaluate the ability of a

Table 1 Comparison of our developed method with the existing methods for detecting BPA

Methods Applied materials LOD Determination range Ref.
Electrochemical MIP and AuNPs 2.56 ng mL™" 2.28~11.4 ng mL™ [27]
Electrochemical AuPd and carbon nanotubes 13.698 pg mL™' 41.094-4109.4 mg mL™" [28]

SERS SERS-improved LFA 0.073 ng'mL™" 0.01~100,000 ng mL™" [29]
Fluorescence FAM-Apt and MNPs 0.047 ng mL"™" 0.20~8.00 ng mL ™" [1]
LF-NMR SPIONs and DNA-hydrogel 0.07 ng mL™" 0.01~100 ng mL™" This Work
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Fig. 5 Selectivity of the aptamer-functional DNA-hydrogel system to-
ward BPA (10% ng mL™") against other structural analogs (BPB, BPC,
Tb-BPA, BP, and 6F-BPA). Error bars were obtained from three
experiments

deformed material to restore to its original geometry and the
propensity of material flow propensity. The results are shown
in Fig. 3.

As shown in Fig. 3a, the modulus (G’ and G") revealed the
slight frequency dependence over the entire tested frequency
range. G’ was approximately 1 order of magnitude higher than
G", and the values did not cross over each other during the
entire test range, which implied that the elastic response is
predominant and that the material had a permanent network
with high degree of cross-linking. G” was always lower than
G’, which suggested the gel-like behavior of the system.
Figure 3b shows that the storage modulus (G’) of hydrogels
with different concentrations of BPA was lower than that of
the control group without BPA, which implied that BPA was
harmful to gelation and further improved the mechanical
strength of the resulting hydrogels.

Optimization of the experimental conditions

In the proposed strategy, the concentrations of S-A/B and the
Fe;04 SPIONSs and the reaction temperature played important
roles in the whole process. Usually, the stability of a hydrogel

is affected by the reaction temperature. The change in relaxa-
tion time 7, was recorded as the temperature increased. As
shown in Fig. S1, the signal changed apparently at different
temperatures. The graph clearly shows that 37 °C is the opti-
mal experimental temperature.

The signal change increased as the reaction temperature
ranged from 4 to 37 °C and then decreased over 37 °C.
These phenomena can be interpreted that DNA reaction is
relatively stable at 37 °C. To facilitate the experiment, 37 °C
was selected as the optimal reaction temperature.

Furthermore, the effect of the Fe;04 SPION concentration
was investigated. Higher concentrations led to a significant
AT,, but an excess concentration is an obvious waste of
Fe;04 SPIONs. As shown in Fig. S2, the different Fe;0,
SPION concentrations apparently influenced the signal. The
AT, was recorded along with the increasing Fe;O0, SPION
concentrations from 0.1 to 1.0 mg mL ™" and reached a plat-
form at 1.0 mg mL™". To ensure the completeness of the re-
action, we chose 1 mg mL ™" as the optimum Fe;0, SPION
concentration.

The concentration of S-A and S-B also influenced the hy-
drogel. The influence of the DNA concentration was also
investigated. In Fig. S3, it is easy to see that A7/T, increased
before 5 pmol L™, but the signal change declined when the
concentration was higher than 5 pmol L Therefore, the
optical concentration was 5 pmol L™ which was diluted to
2.5 umol L™" with a 1.5% Acr-Bis buffer solution.

Analytical performance

To obtain the sensitivity of the proposed method, different
concentrations of BPA were added to measure the change in
the 7, relaxation time. The dependence of the BPA concen-
tration on the 7, relaxation time is plotted. The results in
Fig. 4a revealed that higher BPA concentrations resulted in
lower T relaxation times and higher AT, values. Lower BPA
concentrations showed a better linear relationship with the
relaxation time 75 in Fig. 4b. The BPA concentration was
calculated using the following equation:

Table 2 Detecting the BPA

concentrations in environmental Sample Added BPA (mg mL™")  The proposed method, mean® + SD (ng mL™")  Recovery (%)
samples (tap water and bottled
water) by the LNDH biosensor Tap water 107! 0.93x 1071 +0.63x 1072 93.07
1073 924x104+6.70x107° 92.37
107° 9.09%x10¢+8.90x 1077 90.87
Bottled water 107" 0.93x10"'+0.40x 1072 93.24
107 937x10*+425%107° 93.73
107° 8.79x10°°+4.76 x 1077 87.85

#Mean of three determinations
SD standard deviation
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¥ = 143.39 + 19.19x (R* = 0.9916) (1)

where y and x represent the relaxation time AT, (ms) and the
BPA concentration (ng mL™"), respectively. The determina-
tion limit was 0.07 ng mL ™", as calculated by:

(A+3¢)/K (2)

where ( is the standard deviation of the blank control, K is the
slope of the regression equation, and A7, means the average
background 7, relaxation time. The drinking water health
standard (GB5749-2006, China) regulates the maximum level
of BPA at 10 ng mL ™.

The comparison between the proposed nanoprobe and sev-
eral reported determination methods is shown in Table 1.
These comparisons revealed that the LOD of this proposed
method is acceptable and that the developed sensor is sensi-
tive. The comparison results clearly revealed that the determi-
nation range is relatively wider and the LOD is lower than
those of most of the presented determination methods.

Yao’s team [28] used the complex of triple-doped carbon
quantum dots (B, N, F-CQDs) and silver nanoparticles
(AgNPs) to form molecularly imprinted polymer MIP as the
identification element of the target molecule, constructing an
electrochemical sensor by cyclic voltammetry. The detection is
realized; the results show that the synergy between B, N, F-CQD,
and AgNP significantly improves the sensitivity of the electrode
and achieves the amplification of the electrical signal. The linear
response range of the new sensor is 2.28~11.4 ng mL ™" and the
detection limit is 2.56 ng mL ", Mo’s team [29] developed a
BPA-sensitive electrochemical sensor based on AuPd doped
with carbon nanotubes and carbon nanotubes (MWCNTS) and
having amplifying current signals cooperatively. MWCNTSs
were used as supports to improve electron transport. The linear
response range of the new sensor is 41.094-4109.4 mg mL ™" and
the detection limit is 13.698 pg mL™". Lin [27] reported the
development of a new range-extended bisphenol A (BPA) de-
tection method using a surface-enhanced Raman scattering later-
al flow analysis (SERS-LFA) binary system. The assay includes
gold nanoparticles with high SERS performance and 4-
aminothiophenol (4-ATP) as Raman reporter gene. The linear
response range of the new sensor is 0.01-100,000 ng mL ™"
and the detection limit is 0.073 ng mL .

Based on AHN-labeled aptamers and magnetic nanoparti-
cles, a magnetically separated fluorescent aptamer sensor for
high sensitivity detection of BPA was proposed. The method
utilizes the characteristics of easy separation of magnetic
nanoparticles to realize the separation and detection of the
original substance to be detected. The linear response range
of the new sensor is 0.20~8.00 ng mL " and the detection limit
is 0.047 ng mL™".

Compared with the above method, the identification method
required by our proposed method is simpler and more commonly

available; the detection method has better detection ability, i.e.,
lower detection limit and detection range. Compared with other
detection methods that use magnetic particles as the detection
element, our method eliminates tedious magnetic separation
steps, thereby making the operation easier and the entire detec-
tion process faster. Based on the above comparison, we can see
that our detection method has certain advantages.

Selectivity

As shown in Fig. 5, only BPA had an apparent signal among
these mimics. However, the samples of BP, BPB, BPC, tb-
BPA, and 6F-BPA did not have apparent signal increments.
This result revealed that this proposed strategy has selectivity
for BPA determination.

Practical applicability

This method was designed for BPA determination in water
samples to evaluate its practical ability and reliability. The
water samples (tap water and bottled water) were spiked with
BPA at 10°,10%, and 10 ng mL™! respectively. As seen in
Table 2, the recoveries for the spiked samples ranged from
87.85 to 97.87%. These results indicated that the aptamer-
functional DNA-hydrogel system could be feasibly applied
to BPA determination.

Results and discussion

An LF-NMR DNA-hydrogel nanoprobe for BPA determina-
tion was proposed in this study. It not only has the advantages
of an aptamer-functional hydrogel and Fe;04 SPIONSs but also
applies LF-NMR in the EDC determination field. It effectively
simplified determination operation steps and decreased the loss
and damage of samples by avoiding repeated magnetic separa-
tion operations. In addition, under the optimal experimental
conditions, this strategy showed a good linear range from
102 to 10* ng mL ™" with a limit of determination calculated
to be 0.07 ng mL™". This aptamer-functional DNA-hydrogel
with the Fe;0,4 SPION system was successfully applied to de-
tect BPA in the tap water and bottled water samples and showed
a good recovery (87.85~97.87%). This strategy will provide a
new idea for EDC determination and broaden the application
field of LF-NMR. The uniform dispersion of magnetic nano-
particles is one of the key factors affecting the stability of the
detection system. Therefore, the dispersion of magnetic nano-
particles is one of the limiting factors of this method.
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