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Aims: miRNAs are regarded as potential biomarkers correlated with the development and progression
of many diseases. However, it is a challenge to construct a sensitive method to detect them without us-
ing time-consuming radioactive labeling or complex amplification strategies. Methods: A facile resonance
light scattering (RLS) system was developed for the detection of miRNA employing magnetic nanoparticles
(MNPs) as RLS probes. MNPs were coated with streptavidin. DNA probes were modified on the surface of
MNPs based on the specific interaction of streptavidin and biotin forming MNPs@DNA probes. MNPs@DNA
probes dispersed in homogeneous media causing low RLS signal. Results & conclusion: miRNA hybridized
with DNA probes resulting in the aggregation of MNPs and inducing the enhancement of RLS intensity.
miRNAs were determined successfully with limit of detection at 0.9 picomole per liter (oM). The poten-
tial clinical application of the present biosensor was also demonstrated by measuring miRNAs in human
normal and cancer cells, and human serum samples.
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miRNAs are a class of small, noncoding RNA members that impart post-transcriptional gene regulation through
several mechanisms including translational repression and mRNA degradation [1,2]. miRNA sequences have about
22 nucleotides and negatively control about 30% genes expression in post transcription [3]. MiRNAs show their
importance in some physiological processes including carcinogenesis and immune system modulation. Furthermore,
miRNAs are a relatively new class of biomarkers for diseases such as breast cancer, lung cancer, renal cell carcinomas
and glioblastoma [4-6]. miRNA21 (miR-21) is an abundantly expressed miRNA in mammalian cells of multiple
types and its expression is enhanced in many disease states including solid tumors, cardiac injury and inflamed
tissues [7,8]. PCR-based methodologies are currently popular to detect miRNAs, which show high sensitivity even
to 10 fetomole per liter (fM). However, it is necessary to carry out some time-consuming steps including extraction,
amplification, calibration, as well as preliminary amplification. In addition, the specificity for primer design may be
reduced since miRNAs are short nucleic acids [9]. Hence, some sensitive and advanced monitoring methods need
to be improved, because of the small amounts of miRNAs in cells usually present in the nanomolar to femtomolar
level 10). In this work, a facile aptasensor for detection of miR-21 was proposed based on resonance light scattering
(RLS) technique.

RLS, produced when the incident beam is close to its molecular absorption, is a kind of elastic light scattering
and can be carried out on a common spectrofluorometer [11,12]. It was first proposed by Pasternack ez al., to
study the aggregation of porphyrin [13,14]. Owing to the distinct advantages of RLS such as high sensitivity, good
selectivity, convenient performance and easy detection, RLS was widely used in the designation of bioassembly and
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aggregation processes [15-18] for the application in biochemical [19-21] and pharmaceutical fields (22-24]. More and
more studies indicated that RLS method was becoming one of the most popular testing ways in daily application.

Due to the proven biocompatibility and the approval of superparamagnetic iron oxide nanoparticles are the
most intensively studied magnetic nanoparticles (MNPs) due to their proven biocompatibility 25,26). MNPs show
crucial advantages in several biomedical applications, such as cellular therapy, tissue repair, targeted drug delivery,
MRI and hyperthermia [271. MNPs possess hydrophobic surfaces with large surface area to volume rations tend
to agglomerate [28]. The aggregation of MNPs induces the coupling of magnetic spin moments and generates
strong local magnetic fields. Such local magnetic field in homogeneities accelerates the attraction between MNDs
and consequently, creating increased aggregation. The switch of self aggregation and dissociation for MNPs were
successfully employed for the determination of lysozyme in cancer cell lysates by evaluation of the spin—spin
relaxation time T [26].

The aim of this work is to design a novel aptasensor of miR-21, combining the advantages of functionalized
MNPs and specific reaction of streptavidin and biotin. In the process, MNPs were used as probes to enhance RLS
intensity. The enhancement of RLS derived mainly from miRNA, as well as the self aggregation of MNPs. To
confirm the positive effect of self aggregation of MNPs, gold nanoparticles (AuNPs) were also used to construct
the similar biosensor. The possible mechanism for the aggregation of MNPs was discussed in detail. The present
strategy provided a simple reaction process without any enzymatic amplification. The content of miRNA was
analyzed in two human tumor cell lines and one normal cell line, and in human serum samples through this
platform, respectively. It may be a potential method to detect miRNA in tumor molecular diagnosis.

Material & methods

Material

MNPs of iron oxide coated with streptavidin were purchased from micromod (Germany), which were cluster-typed
with average hydrodynamic particle diameter of 20, 50 and 100 nm, respectively. All DNA and RNA sequences
used in the present work were synthesized and purified using HPLC by Sangon Biotechnology Co., Ltd (Shanghai,
China), which were listed in Supplementary Table 1. RNase-free water and Tris/Boric Acid/EDTA (TBE) buffer
(5%, 225 mM Tris-Boric acid, 50 mM EDTA, pH 7.4) solutions were purchased from Takara Biotechnology
Co., Ltd (Dalian, China). DMEM high glucose medium, penicillin, streptomycin and 15% heat-inactivated fetal
bovine serum were purchased from Thermo Scientific HyClone (MA, USA). Some common reagents such as sodium
acetate, sodium dihydrogen phosphate, acetic acid, hydrochloric acid and other common salts were of analytical
grade and obtained from Beijing Chemical Engineering (Beijing, China), which were directly used without further
purification. Buffer solutions including tris(hydroxymethyl)-aminomethane, HEPES and MOPS were purchased
from Fluka (Buchs, Switzerland). The solutions were prepared using diethy pyrocarbonate (DEPC)-treated water
throughout the experiment.

Apparatus

RLS measurements were carried out using an LS-55 spectrophotometer (Perkin Elmer, MA, USA) with a 1 cm-slit
sample cell. Absorption spectra were performed on a Lambda 750 spectrophotometer (Perkin Elmer). Digital
photos were obtained by Nikon 4500 digital camera (Tokyo, Japan), and transmission electron microscope images
were obtained on a JEM-2100 electron microscope operating at 200 kV (JEOL Ltd, Tokyo, Japan).

Preparation of DNA probe modified MNPs

First, DNA probes were modified on the surface of MNDPs. Specifically, 0.8 nM probel (with sequence of 5'-CTG
ATA AGC TAT TT-biotin-3" as shown in Supplementary Table 1) and probe2 (with sequence of 5'-biotin-TTT
TCA ACA TCA GT-3' as shown in Supplementary Table 1) were added to 0.1 mg ml! MNPs dispersion,
respectively, and then the mixture was diluted to 2.0 ml with 0.01 M phosphate-buffered saline (PBS) buffer
solution at pH 7.4. The bonding of DNA probe on the surface of MNPs was based on the fast and specific affinity
between biotin and streptavidin. After incubation of 10 min at room temperature (20°C), the MNPs@probel and
MNPs@probe2 composites formed, respectively, which were used to construct the biosensor of miRNA.

MiRNA detection using MNPs
After DNA probes were linked to MNDPs, target miRNA solutions with different concentrations were prepared to
be detected. When MNPs@probel and MNPs@probe2 dispersions were mixed thoroughly with the addition of
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400 pl hybrid solution, the RLS intensity was measured (named RLS,). A series of miR-21 solutions with different
concentrations were added to the mixture of MNPs@probel and MNPs@probe2, respectively, and were allowed to
be incubated for 20 min at room temperature to form MNPs@probel-miRNA-MNPs@probe2 complexes. MNPs
can aggregate to form big-sized nanoparticles, which lead to the enhancement of RLS signal. The RLS spectra
were obtained by scanning the excitation and emission simultaneously (AX = 0 nm) in the wavelength range of
200.0-700.0 nm with the same starting wavelength and scanning speed. The RLS intensity was recorded at the
peak of 402 nm. In this process, the slits for excitation and emission monochromator were maintained at 2.5 nm.

MiRNA detection using AuNPs

In this step, Au-thiol chemistry was used to combine AuNPs with S-probes (with sequences listed in Supplementary
Table 1). The procedure was reported in our previous work [29]. Specifically, 0.3 nM AuNPs and 1.6 nM S-probes
were suspended ina 0.01 M PBS at pH 7.4. The mixture solution was incubated at room temperature for 20 min to
build AuNPs@S-probel and AuNPs@S-probe2, respectively. Then, 2 M NaCl dissolved in 0.01 M PBS was added
to the system to a final concentration of 0.02 M NaCl. The salting process was followed by an overnight incubation
at room temperature. AuNPs were allowed to centrifuge to remove excess oligonucleotides and the supernatants
were removed. AuNPs modified with S-probes were redispersed in PBS. AuNPs@S-probel and AuNPs@S-probe2
dispersions were mixed, and the RLS signals were obtained in the presence and absence of miRNA.

Cell culture & sample preparation

MCE-7 cells (human breast cancer cell lines) and A549 cells (cervical cancer cell lines) were routinely cultured
in traditional cell culture dishes using DMEM supplemented with 10% fetal bovine serum, 0.1% penicillin and
streptomycin mixture (100 pg ml™"). MCF-10A (mammary epithelial cell lines) were cultured in DMEM/F-12
medium supplemented with 5% horse serum, 0.1% penicillin, 100 pug ml” streptomycin, 0.5 mg ml" hydro-
cortisone, 100 ng ml™ cholera toxin, 10 mg ml" insulin, 10 ng ml"" EGF and 1% L-glutamine. The cells were
cultured in a humidified atmosphere at 37°C with 5% CO,. Total RNA in MCF-7, A549 and MCF-10A cells was
extracted with E.Z.N.A®PF Micro RNA kit (Omega Bio-tek, GA, USA) following the manufacturer’s instructions,
respectively. Briefly, approximately 8.2 x 10° MCF-7 cells, 6.3 x 10° A549 cells and 1.2 x 10° MCF-10A cells
were washed once with phosphate-buffered saline (containing 10 mM PBS, pH 7.4, and 100 mM NaCl) and then
were extracted using E.Z.N.A®PF Micro RNA kit. All RNA samples were split into small centrifuge tubes and
stored at -80°C until analysis.

Results & discussion

Principle for miRNA detection using MNPs

The newly designed biosensor was mainly based on the use of MNP as illustrated in Figure 1. DNA probes labeled
with biotin can be modified on the surface of MNPs coated with streptavidin through the specific interaction between
biotin and streptavidin. DNA probes consisted of two strands (probel and probe2, as shown in Supplementary Table
1), which were complementary with target miRNA. First, the biotin-labeled probes were functionalized on MNPs
by the specific affinity between biotin and streptavidin named MNPs@probel and MNPs@probe2, respectively. In
the presence of miR-21, MNDPs can form a structure like dumbbell due to the hybridization linkage of DNA probes
and aggregated together (Figure 2). The aggregated MNPs can even precipitate at the bottom of the bottle as shown
in Figure 2. It was reported that the aggregation of MNPs can produce little local magnetic fields [26). The little
local magnetic fields can accelerate the further agglomeration of MNPs and induce the significant increment of
RLS signal. The aggregation of MNPs derived from local magnetic field was confirmed using AuNDPs to substitute
MNPs, and probes were replaced by S-probes in the sensing system (Figure 1). This method exhibits outstanding
sensitivity and selectivity, which can discriminate the target sequence from even single-base mismatched sequences.
The result indicates that the proposed biosensor could become a promising miRNA detection method in early
clinical diagnostics and biomedical research.

Optimization of conditions

To obtain high sensitivity and selectivity for the detection of miRNA, the experimental conditions were investigated
including the size and concentration of MNPs, the concentration of probe DNA, and the temperature and time of
reaction.
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Figure 1. Schematic illustration of

miRNA biosensors using magnetic
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o - and gold nanoparticles.
Streptavidin Biotin MNPs Probe 1 Probe 1 AuNPs AuNPs: Au nanoparticles; MNP:

Magnetic nanoparticles.

Figure 2. Transmission electron microscope images of magnetic nanoparticles under different conditions.
Transmission electron microscope images for the mixture of MNPs@probe1 and MNPs@probe2 before (A) and after
(B) the addition of miR-21. Inset: responding digital photos for (A) and (B). The scale bars were 1.0 um. Conditions:
50 nm MNPs 0.1 mg ml'; miR-21 20 nM.

Influence of MINPs

The influences of size and concentration of MNPs on the determination of miRNA were discussed. First, MNPs
with different sizes including 20, 50 and 100 nm were employed to test the effect of MNPs size on the detection of
miRNA. Then 0.4 nM probes and 0.2 nM MNPs with the size of 20, 50 and 100 nm, respectively, reacted at room
temperature for 1 h to build MNPs@probel and MNPs@probe2. With the addition of miR-21, RLS intensity of
MNPs increased gradually with increasing concentration of miR-21 as shown in Supplementary Figure 1A. It can
be seen that three biosensors with 20, 50 and 100 nm sized MNPs were all in good linear relationships between
RLS intensity and miRNA concentration. Furthermore, the biosensor with 50 nm-sized MNDPs showed highest
sensitivity among the tested MNDPs (due to the largest slope value).
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To discuss the effect of MNPs concentration, 0.01, 0.05, 0.10, 0.20, 0.30 and 0.40 nM MNPs were used to
build biosensors, respectively. As illustrated in Supplementary Figure 1B, the increment of RLS intensity (ARLS)
enhanced with increase of MNDPs concentration, and got to a peak at 0.20 nM MNPs. The values of ARLS reduced
slightly for MNPs concentrations of 0.30 and 0.40 nM. This phenomenon can be explained that although MNPs
with higher concentration can generate more assemble of MNPs with same probes and target miRNA, they can
still produce higher background. As a result, the ARLS values of 0.30 and 0.40 nM MNPs were lower than that of
0.20 nM MNPs. Thus, 0.20 nM MNPs were chosen in the following experiments.

Effect of DNA probes concentration

We investigated the probes concentration at 0.20, 0.40, 0.80, 1.60, 2.40, and 3.00 nM, respectively, by comparison
of ARLS in the presence and absence of miRNA. As shown in Supplementary Figure 2, it was clear that the value
of ARLS was dependent strongly on the initial concentration of probes from 0.20 to 1.60 nM. When probes
concentration was in the range of 1.60-3.00 nM, ARLS changed inconspicuously. Considering both the highest
ARLS value and the least reagent waste, DNA probes at 1.60 nM were employed as one of the optimum experiment
conditions.

Optimization 0f reaction temperature & time

In order to ensure the efficient combination between MNPs and probes as well as the hybridization of miR-21 and
probes, the influences of reaction temperature and time were explored. For the reaction temperature, the system
solutions in the presence and absence of miR-21 were incubated at 10, 20, 30 and 40°C, respectively, as shown
in Supplementary Figure 3A. It can be found that the ARLS value with 150 pM miR-21 was largest at 20°C.
Therefore, the room temperature 20°C was used as an optimal condition.

In the presence of miRNA, the hybridization between probes on the surface of MNPs and target miRNA
induced the aggregation of MNPs. MiR-21 and the MNPs@probes dispersions were incubated for different time.
As demonstrated in Supplementary Figure 3B, an obvious increase of ARLS value can be observed from 0 to
10 min, from which it can be concluded that hybridization induced the aggregation of MNPs and resulted in the
remarkable enhancement of RLS intensity. ARLS increased slightly in the range of 10-20 min. After 20 min, the
RLS intensity arrived at a platform, which indicated that probes and target miRNA can react sufficiently within
20 min. In addition, there were two more slopes for the increased part of the curve. It can be deduced that there may
be two steps for the aggregation of MNDPs. For further detailed information it should be discussed subsequently.

Sensitivity

Target miRNA solutions with a series of different concentrations were measured to investigate the sensitivity of the
proposed method. To obtain the best performance of the biosensor, all samples including 0.2 nM 50 nm-sized MNPs
connected with 1.60 nM DNA probes and target miRNA with various concentrations were incubated at 20°C for
20 min before carrying out RLS measurements. It can be observed in Figure 3A that RLS peak intensities increased
along with the increased concentration of target miRNA. Figure 3B showed the variation of the peak intensity as
a function of the concentration of target miRNA. The relationship of ARLS and the concentration of miR-21
was in a good linearity with the concentration range of 3.0-300 pM (R ? = 0.9971). All the RLS measurements
were carried out three-times independently. According to the recent recommendation of International Union of
Pure and Applied Chemistry (IUPAC), the limit of detection can be obtained as 0.9 pM from the equation
of 3.29 § g/m, where Sg and m were the standard deviation of the blank and slope of the calibration graph,
respectively. Notably, the sensitivity of the proposed biosensor was superior to those of fluorescence assays using
circular exponential amplification [30], electrochemical strategies using recycling amplification [31] and PCR-based
approaches using recombinase polymerase amplification [32] as well. The comparison of the present assay with
other methods was illustrated in Supplementary Table 2 in detail. The proposed biosensor showing significant
improvement in sensitivity can mainly be attributed to the aggregation of MNPs due to the interaction of DNA
probes and miR-21 and sensitive RLS detection as well. It was proved that from the above results the biosensor
fabricated in this work can ensure picomolar level detection of miRNA.

To signify the signal amplification of MNPs, we also studied detection sensitivity for miR-21 using AuNPs. As
statemented in Material and Methods, a series of miR-21 stock solutions with different concentrations was added
to AuNPs@S-probes system, respectively, which also induced the enhancement of RLS intensity. It was worthy to
note that a linear relationship between ARLS and the concentration of miR-21 was also obtained in Figure 4. It
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was observed that ARLS increased with increasing concentration of miR-21 from 10.0 pM to 10.0 nM. The linear
equation was ARLS = 0.487C - 3.51 in the concentration range from 10.0 to 100.0 pM with a linear correlation of
R=0.9949, where Cwas the concentration of miR-21. By comparison, it was obvious that the slope of the linearity
using AuNPs was lower and the linear concentration range was narrower than those of MNPs, respectively. It can
be deduced that the detection sensitivity for AuNPs system was lower than that of MNPs, though the linear curves
were good enough to detect miR-21 for the two biosensors constructed using AuNPs and MNDPs as RLS probes,

respectively. It can be attributed to the aggregation of MNPs derived from aggregation-induced local magnetic
fields.

Specificity

The biosensor not only provided improved detection sensitivity but also afforded high selectivity for target miR-
21 detection. To further evaluate the specificity of the proposed method, five kinds of miRNA sequences were
employed, including perfect complementary target miR-21, single-base mismatched miR-21 named miR-21a, two-
base mismatched miR-21 named miR-21b, four-base mismatched miR-21 named miR-21c and noncomplementary
sequence of miR-141, which were listed in Supplementary Table 1. ARLS values for all tested miRNA sequences
were obtained with results shown in Figure 5A. It was found that the RLS signal was close to the blank for
nonhomologous miRNA, miR-141. Moreover, it can be observed that miR-21a with single-base mismatch at the
3/ terminus (with the bold letter shown in Supplementary Table 1) also did not cause any interference. In addition,
the specificity experiment was also executed with different incubation time (Figure 5B). It was suggested that the
value of ARLS for miR-21 was significantly higher than those of other species. The slope of every curve in the
range of 0—10 min varied from that of 10-15 min, which was the further evidence for the two-step aggregation
of MNPs. In addition, the incubation time of 15 min was enough for miRNA species except miR-21. It can be
concluded that the platform has a splendid specificity that is potential to give out a specific detection signal from
the complex extractions of tumor cells.

Application

Since miR-21 is a potential cancer biomarker, which has been identified with elevated expression levels in numerous
tumor tissues, such as breast, liver, ovarian, pancreatic and brain, in comparison to their normal counterparts, miR-
21 was usually detected in human cancer cells and human serum samples. Herein, to demonstrate the capability of
the fabricated biosensor for miRNA in real sample analysis, miR-21 in total RNA extracts of human cell samples
were investigated. Two human cancer cell lines (A549 and MCEF-7) with high miR-21 expression levels and one
normal cell line (MCF-10a) were selected to investigate the capacities for detection of cell extractions using the
developed strategy (Figure 6). All cell samples set as about 10° cells for each group were processed by a total RNA
extraction kit after cell counting as illustrated in Material and Methods. It can be found that ARLS values of tumor
cells were obviously stronger than that of normal cells. For cancer cells, miR-21 expression level was higher in A549
cell line. It indicated that there was distinct miR-21 expression difference between human cancer cells and normal
cells, which was in a good agreement with the data reported previously (33].

The accuracy of the method was also determined by measuring the recovery of known amounts of miR-21
spiked into the cellular extract of MCE-7 cell and human serum samples. As shown in Supplementary Table 3, the
recovery was found to be from 95.6 to 107.8% for 5, 10 and 20 pM of miR-21 spiked per well. Two human serum
samples (obtained from the People’s Hospital of Liaocheng, China) were also prepared by addition of miR-21
standard solutions. Various concentrations of miR-21 were added into the 20-fold diluted healthy human serum
samples. Supplementary Table 4 showed the recovery test of spiked miR-21 in serum. It can be observed that the
recovery values varied from 98.89 to 103.4% and RSD was <3.5%. The studies demonstrated the feasibility of the
developed approach in the detection of miR-21 directly from a cellular extract and serum samples.

Conclusion

In summary, a specific RLS method was developed for the assay of sub-picomolar level of miRNA based on MNPs
enhancement. It was constructed by combining both advantages of aptamer and MNPs. Biotin labeled DNA probes
can be modified on the surface of streptavidin coated MNPs. Target miRNA can induce the aggregation of MNPs
owing to the partial hybridization of miRNA and DNA probes. The aggregation of MNPs may derive from two
processes, in which one is the reaction of miRNA and DNA probes and the other is self aggregation of MNPs based
on many local magnetic fields. The aggregation of MNPs can induce the enhancement of RLS signal, and therefore
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the content of target miRNA was detected. The results showed that the sensitivity for miRNA detection using
MNPs was higher than that of AuNPs. The aptasensor demonstrated high sensitivity with a LOD of miRNA at 0.9
pM in buffer solutions under optimum conditions. It also showed high specificity for discriminating differences
between miRNA family members even the single-base mismatched sequences. Moreover, the project can easily be
extended to build a series of systems by simply changing the functional probes on the surface of MNPs (as shown
in Figure 1). The DNA probes can be selected according to specific miRNA in the unimolecular DNA template
to quantify different kinds of miRNA (biomarkers) with high sensitivity in cells or serum samples. It may supply
valuable information for biomedical research and clinical early diagnosis.

Summary points

e MiRNAs are regarded as potential biomarkers correlated with many diseases.

e Itis a challenge to construct a sensitive method for miRNAs assay without using time-consuming radioactive
labeling or complex amplification strategies.

e A facile resonance light scattering (RLS) system was developed for the detection of miRNA employing magnetic
nanoparticles (MNPs) as RLS probes.

e Target miRNA was determined with a dynamic range from 3.0 to 300 pM, and the limit of detection was 0.9 pM.

e The aptasensor showed high specificity for discriminating differences between miRNA family members even the
single-base mismatched sequences.

e The project may supply valuable information for biomedical research and clinical early diagnosis.

Supplementary data
To view the supplementary data that accompany this paper please visit the journal website at: www.futuremedicine.com/doi/full/
10.2217/nmm-2018-0066
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