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A self-assembling RNA aptamer-based nanoparticle sensor
for fluorometric detection of Neomycin B in milk
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Abstract To date, there are few reports regarding the devel-
opment of RNA aptamer-based biosensors for the detection of
small molecules. The possible reason is attributed to the weak
nuclease resistance of RNA in biological environments. In this
study, we have developed an RNA aptamer-based gold nano-
particle (AuNP) sensor for fluorometric detection of
Neomycin B in milk. This aptasensor depends on the self-
assembly of the RNA aptamer/Neomycin B complex and
fluorescence quenching by AuNPs. This biosensor exhibited
a low detection limit of 0.01 pM, with a linear dynamic range
from 0.1 to 10 uM in milk, and a good selectivity toward
Neomycin B. Specifically, because of the shorter RNA frag-
ments and the nuclease inhibition ability of the RNA-modified
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AuNPs, the RNA sequences remained stable during the ex-
periments. This work will serve as an example for the devel-
opment of novel biosensors based on RNA aptamers.
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Introduction

Aptamers are oligonucleotide or peptide molecules that can
bind to a wide range of target molecules with high affinity
and specificity [1, 2]. Like antibodies, aptamers are able to fold
into well-defined, three-dimensional (3D) structures that facili-
tate binding of the corresponding targets. Therefore, aptamers
are beginning to rival antibodies as sensors in a number of
applications, such as environmental monitoring and medical
diagnostics [3, 4]. In comparison with antibodies, aptamers
are relatively easy to obtain, more stable toward biodegradation,
and less vulnerable to denaturation [5]. Due to their distinct
physical and chemical attributes, gold nanoparticles (AuNPs)
have been conjugated with aptamers for the fabrication of novel
chemical and biological nanosensors, which transforms the
aptamer-binding events into physically detectable signals [5].
To date, many aptasensors have been comprised of DNA
aptamers as the recognition element, because of their relative
stability in biological environments as compared to their coun-
terparts. However, most (70 %) reported aptamers are com-
posed of RNA [6]. Based on existing evidence, the presence
of a 2'-OH group and non-Watson-Crick base pairing allow
RNA aptamers to fold into more diverse 3D structures than
DNA [7]. Many small molecules interact with RNA better
than with DNA [8]. Therefore, it is more advantageous to
utilize RNA aptamers as sensing tools in the detection of small
molecules than DNA-based aptasensors. At the same time, the
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nuclease resistance of RNA-aptasensors must be increased in
biological environments. Substitutions of the 2’-OH function-
al group on RNA with 2'-fluoro, 2'-amino, or 2'-O-methoxy
motifs, and/or replacements of the phosphodiester backbone
with boranophosphate or phosphorothioate moieties are the
most common modifications aimed at increasing nuclease re-
sistance [7]. Other effective modifications have been based on
locked nucleic acid technology [9] or “mirror” RNA sequence
structures [10]. Although these modifications prevent diges-
tion of RNA sequences by nucleases, they may result in struc-
tural changes to the RNA sequences, which affect the binding
affinity [8]. In addition, the above strategies will greatly in-
crease the cost of potential applications.

A 23-mer RNA aptamer that recognizes Neomycin B with
high sensitivity and specificity was selected in vitro [11]. As
an aminoglycoside antibiotic, Neomycin B has been widely
used in veterinary medicine to treat bacterial infections in
animals [12]. The presence of Neomycin in animal-derived
foods is potentially ototoxic and nephrotoxic to humans
[12]. Therefore, in order to protect consumers, it is essential
to monitor Neomycin B content in food. The European Union
(EU) established maximum residue limits (MRLs) of
Neomycin B for edible tissues, fat, milk, and eggs: 500 pug/
kg for meat, fat, liver, eggs; 1500 pg/kg (about 2.44 uM) for
milk; and 5000 pg/kg for kidney [13]. Therefore, a biosensor
will serve well for the purpose of monitoring the drug residue,
which possesses a low detection limit (LOD) of 0.01 uM, with
a linear dynamic range from 0.1 to 10 uM. Nevertheless, the
detection of aminoglycoside antibiotics is a challenging prob-
lem because these antibiotics lack distinguishable spectro-
scopic and chemical properties. Recently, a label-free method
was successfully developed for the detection of Neomycin B
using a 2'-O-methoxy-modified RNA aptamer with surface
plasmon resonance and faradaic impedance spectroscopy [8,
14]. However, there are few reports regarding the develop-
ment of the RNA aptamer-based nanoparticle sensors for the
analysis and detection of Neomycin B in biological environ-
ments without any chemical modifications.

Therefore, in this study, we constructed an RNA aptamer-
based nanoparticle sensor for the fluorometric detection of
Neomycin B in milk by using the previously evolved RNA
motif [11]. This aptasensor depends on the self-assembly of a
bipartite RNA aptamer/Neomycin B complex and fluores-
cence quenching by AuNPs, which readily responds to
Neomycin B in milk within a few minutes.

Materials and methods
Chemicals and materials

All oligonucleotides (HPLC grade) were synthesized and pur-
chased from Takara Biotechnology (Dalian, China). The base
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sequences were as follows: NEO1 (5'-
rGrArArGrUrUrUrArGrUrCrC-(T)5-(A)12-3"), FAM-labeled
NEO1 (5-FAM-rGrArArGrUrUrUrArGrUrCrC~(T),5-(A)1»-
3'"), and FAM-labeled NEO2 (5'-FAM-
rGrGrArCrUrGrGrGrCrGrA-3'). The lyophilized powders
were dissolved in 5 mM HEPES buffer and stored at 4 °C until
use. The oligonucleotide concentration was determined by
measuring the UV absorbance at 260 nm. Chloroauric acid
(HAuCly), sodium citrate (C4HsNa30-), Neomycin B sulfate,
Paromomycin sulfate, and Kanamycin sulfate were obtained
from Sigma-Aldrich (St. Louis, MO, USA). f3-
Mercaptoethanol (ME) was purchased from Amresco
(Solon, OH, USA). Ribonuclease I (RNase 1) was purchased
from Thermo Scientific (Pittsburgh, PA, USA). All other re-
agents (analytical grade) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China) and were used
as received. Milli-Q ultrapure water (18.2 M2 cm; Millipore
Co., USA) was used throughout the study. All glassware was
cleaned using an aqua regia solution (HCI:HNO; = 3:1, v/v)
and subsequently rinsed with excess Milli-Q water.

Instruments

Ultraviolet-visible (UV-vis) absorption spectra were recorded
at room temperature (25 °C), using a Lambda 35 UV/Vis
spectrophotometer from PerkinElmer (Waltham, MA, USA).
Transmission electron microscope (TEM) images were ob-
tained with a JEM-2010 (Jeol, Ltd., Japan). Fluorescence
measurements were recorded with either a Varioskan Flash
Multimode Reader (Thermo Electron Co, Waltham, MA,
USA) or a QM 40 Spectrofluorometer (Photon Technology
International Inc., Lawrenceville, NJ, USA) at room
temperature.

AuNP preparation and treatment

AuNPs were prepared using published procedures [15].
Briefly, colloidal AuNPs with an average diameter of 13 nm
were prepared by quickly adding 10 mL of 38.8 mM sodium
citrate solution into a boiling solution of HAuCl, (100 mL,
1 mM) with stirring. After the color of the solution changed to
deep red, the reaction was heated for an additional 20 min and
then cooled to room temperature. Following the preparation,
particles were treated with 0.1 % diethylpyrocarbonate
(DEPC) for 12 h with stirring, and were subsequently
autoclaved at 121 °C for 60 min. The concentration of the
AuNPs was about 10 nM, which was determined according
to Beer’s law using an extinction coefficient of
2.7x10° M' em™" at 520 nm [16]. The UV-vis absorption
spectra and TEM image of the DEPC-treated AuNPs are
shown in Electronic Supplementary Material Fig. S1.
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RNA-AuNP conjugates

Modification of AuNPs with polyA-tailed RNA sequences
was performed, following the previously reported procedure
[17]. Briefly, 3 uL of oligonucleotide (NEO1) stock solution
(100 uM in 5 mM HEPES buffer, pH 7.6) was added into
200 pL of the as-prepared AuNP solution and mixed briefly
via vortex. Citrate buffer (pH 3.0) was added to the AuNP
solution to achieve a final citrate concentration of 10 mM.
After incubation at room temperature (3 min), the pH of the
AuNP solution was adjusted back to neutral by adding
500 mM HEPES buffer to a final HEPES concentration of
30 mM (pH 7.6). The mixture was incubated for another
15 min and then centrifuged at 10,000xg for 20 min at 4 °C.
The supernatant was removed, and the pellet was washed with
5 mM Tris-HCI buffer to remove free oligonucleotides. The
centrifugation and washing procedure was repeated three
times to ensure complete removal of free oligonucleotides,
and the conjugate was dispersed in 50 mM Tris-HCI buffer
(pH 7.4) containing 250 mM NaCl and 5 mM MgCl, for
subsequent use.

The density of the attached polyA-tailed RNA sequences
was quantified as previously described [18]. First, the 5'-
FAM-labeled NEO1 probe was adsorbed to AuNPs following
the protocol outline above. ME was added (final concentration
20 mM) to the oligonucleotide-AuNP solution, which was
incubated overnight with shaking at room temperature. The
solution was centrifuged at 10,000xg for 15 min to release the
absorbed probes. The fluorescence (excitation = 492 nm,
emission = 518 nm) was measured and converted to the molar
concentrations of the probes by interpolation from a standard
linear calibration curve, which was prepared with known con-
centrations of the oligonucleotide with identical buffer pH,
ionic strength, and ME concentration.

After ME displacement, the fluorescence of the released
sequences was recorded. The intensity of the fluorescence
was 46.39+0.27 arbitrary units (AU), which was converted
to the molar concentration using the standard curve (see
Electronic Supplementary Material Fig. S2). The number of
attached RNA sequences per nanoparticle was calculated to be
33.22+0.18. In other words, the overall number of adenines
per AuNP was 398.63+2.21. This result is similar to that of a
previously published report [18].

The purified RNA (5'-FAM-labeled NEO1) modified
AuNPs were dispersed in 50 mM Tris-HCl buffer (pH 7.4)
containing 250 mM NaCl and 5 mM MgCl, and transferred
into microcentrifuge tubes (50 puL each with 10 nM AuNPs).
At designated time points, the tubes were centrifuged at 10,
000xg for 20 min at 4 °C and 25 pL of the supernatant was
transferred to another tube. After 15 days, the precipitated
AuNPs were treated with ME and diluted to 100 puL with a
buffer (5 mM HEPES, pH 7.6). The previously collected su-
pernatants were also diluted to 100 uL with the same buffer.

The fluorescence of all these supernatant solutions (Fy) and
ME-treated AuNPs (F,) were measured, and the fraction of
release was determined to be 2F/(F + F),).

Fluorometric detection of Neomycin B in milk

Whole milk was diluted 1:5 with 50 mM Tris-HCI buffer (pH
7.4) containing 250 mM NaCl and 5 mM MgCl, and was
subjected to ultracentrifugation at 30,000xg for 90 min at
4 °C. Fat and casein were separated (upper and lower layers)
from the milk serum (intermediate layer). The serum was col-
lected into vials and stored at 4 °C until use [8, 14].

A 284-uL aliquot of the NEO1-AuNP conjugate solution
was added to 6 pL of 100 uM the FAM-labeled NEO2 solu-
tion. After complete mixing, a 10-pL aliquot of diluted milk
serum sample containing Neomycin B, Paromomycin, and
Kanamycin were added to the mixture and then incubated
for 10 min at room temperature. Fluorescence measurements
of the samples were recorded. For comparison, fluorescence
measurements were also performed directly using diluted milk
samples.

Ribonuclease resistance studies

A 10-puL aliquot of the 5-FAM-labeled NEO1-AuNP conju-
gates was diluted in 80 pL of 50 mM Tris-HCl buffer (pH 7.4)
containing 250 mM NaCl and 5 mM MgCl, and placed in a
96-well fluorescence microplate at 37 °C. After allowing the
sample to equilibrate (10 min), 10 uL of RNase I in Tris-HCl
buffer (10 units/L) was added. To prevent evaporation, the
reaction was covered with 40 puL of mineral oil. The fluores-
cence of the sample was measured every 120 min for 720 min.
To determine the resistance, the fluorescence of aliquots of
reaction buffer without enzyme was also measured as a
control.

A single aliquot of the centrifuged NEO1-AuNP conju-
gates was diluted in 90 uL of 50 mM Tris-HCI buffer (pH
7.4) containing 250 mM NaCl and 5 mM MgCl,, and then
10 uL of RNase I in Tris-HCI buffer (10 units/L) was added.
The mixture was incubated (0 to 720 min) at 37 °C, and then
centrifuged at 10,000xg for 20 min at 4 °C. The absorption
spectra of the supernatants were recorded from 240 to 280 nm
to evaluate the RNA-specific absorption peak (260 nm) after
incubation with RNase I. Absorption spectra of aliquots of the
reaction buffer without enzyme were also recorded as
controls.

Data analysis
OriginPro 8.0 software (OriginLab, USA) was employed to
perform data processing. Each sample measurement was re-

peated in triplicate, and the data were presented as the mean
+standard deviation.
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Results and discussion

A schematic of the design principle for the nanoparticle sensor
is shown in Scheme la. The RNA aptamer of Neomycin B
was split between ribonucleotide A14 (rA14) and rG15 at the
end pentaloop region into two shorter half fragments, because
shorter RNA chains exhibit fewer interactions with nucleases,
which can increase their stability in biological environments
[19]. The ligand-binding pocket of the aptamer consists of
three rG-rU pairs (rG9-rU21, rG10-rU20, rG11-7U19), a
Watson-Crick pair (rC12-rG18), and a non-canonical pair
(rG13-1A17) [20]. Furthermore, the looped-out rA16 base acts
as a flap over bound Neomycin B [21]. Because the splitting
site on the aptamer sequence is outside of the binding pocket,
this strategy should not affect the binding properties of the
aptamer. One half fragment (NEO1) was connected with a
15 thymidine (T;s) spacer, which enabled the appended rec-
ognition unit to adopt an upright conformation that favors
ligand binding [22], and a polyadenosine (polyA, A;,) tail,
which acted as an effective anchoring block for preferential
adsorption on the surface of AuNPs [18]. The other half

a 3 5
rA rG
b%{g rG rA
A A rc rA
rG A rG ré
rc rG rG ru
G ru rG ru
101G ruU 2 Split rU ru
G ru — rc H A
rU rA rA rG
rC rG rG iy
rA ruU ré rc
srtG rCazs rlC
rG rC FAM (T)+s Spacer
’ ’ ’ 1
53 5 (A)12 polyA tail
Neomycin B 3
RNA aptamer NEO 2 NEO 1

b

AuNP

Scheme 1 Schematic illustration of the design principle (a) and the
sensing mechanism (b) of the self-assembling RNA aptamer-based
AuNP sensor for the detection of Neomycin B
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fragment (NEO2) was labeled with a fluorescent dye carbo-
xyfluorescein (FAM) at the 5 end.

Traditional oligonucleotide-AuNP conjugates exploit
strong Au—S bonds to assemble thiolated oligonucleotides at
the surface of AuNPs [23]. The preparation of the conjugates
is rather time-consuming (1-2 days) and inevitably costly
[24]. Since vulnerable RNA chains may be degraded during
the preparation process, few reports have described the use of
RNA-AuNP conjugates in biomedical applications. In this
study, we adopted a convenient, rapid, and effective method
to prepare RNA-AuNP constructs, through the instantaneous
attachment of the polyA tail to AuNPs at pH 3.0 (see
Scheme 1b) [25]. This method takes advantage of the high
affinity of consecutive adenines toward Au substrates [18]
and the protonation of DNA bases at low pH [25]. In addition,
oligonucleotide-modified AuNPs are highly stable in

a 60-

Neomycin B
concentration(uM):

Fluorescence (AU)
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500 510 520 530 540 550
Wavelength (nm)
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; 0.1 uM
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::; 1M
;, 1 2.5uM
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(7]
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| 10 uM
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Neomycin B concentration (uM)

Fig. 1 Neomycin B detection in milk samples. a The fluorescence
spectra of the self-assembling RNA aptasensor in response to different
Neomycin B concentrations in milk samples. b The linear relationship
between the fluorescence intensity (518 nm) and the Neomycin B
concentration (from 0.1 to 10 uM). Data represent mean values and
standard deviations from triplicate experiments
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biological environments because most nucleases are inhibited
by the high local salt concentration around the nanoparticle
surface [26]. As shown in Electronic Supplementary Material
Fig. S3, if the RNA-modified AuNPs were stored at room
temperature (25 °C) in 50 mM Tris-HCI buffer (pH 7.4) con-
taining 250 mM NaCl and 5 mM MgCl,, about 65 % of 5'-
FAM-labeled NEO1 dissociated/degraded from the RNA-
AuNP conjugates after 15 days. In the same time period, less
than 12 % of the nucleic acid sequence dissociated/degraded
from the conjugates at 4 °C. Therefore, it is expected that the
property of these purified RNA-AuNP conjugates could be
maintained for a longer period in a cool environment (4 °C).

Scheme 1b displays the sensing mechanism of the
aptasensor in the fluorometric detection of Neomycin B in milk.
The bipartite aptamer dissociated in the absence of the ligand.
In the presence of Neomycin B, the fragments self-assemble to
form defined binding pockets for the free analyte through a

a NH,

conformational change in the secondary structure, leading to
the proximity of the AuNPs and FAM, and consequent fluores-
cence quenching. This nanoparticle aptasensor has a rapid re-
sponse time and the reaction can occur in complex media.
Notably, the fluorescent intensity of the dye changes depending
on the concentration of Neomycin B in milk.

As shown in Fig. 1a, the fluorescence intensity decreased
as the concentration of Neomycin B increased. This observa-
tion suggested that Neomycin B induced the self-assembly of
the RNA aptamer-ligand complex on the AuNP surface,
which confirmed the feasibility and reliability of the
nanosensor design. Additional Neomycin B in the diluted
milk serum samples (at least diluted 1:5 with 50 mM Tris-
HCI buffer (pH 7.4) containing 250 mM NaCl and 5 mM
MgCl,) induced the formation of more self-assembled com-
plexes on the surfaces of the AuNPs, which prompted a higher
degree of fluorescence quenching. The dilution of milk serum

Q
HO
HO
NH, NH,

A

m\q mw

Neomycin B

60+

55

50-

Fluorescence (AU)

45-

0.1
Neomycin B concentration(uM)

Fig. 2 Selectivity of the Neomycin B aptasensor. a The chemical
structures of Neomycin B, Paromomycin, and Kanamycin. b Changes
in fluorescence intensity following the addition of different

Paromomycin

OHoy
NHQ
0_OH

Kanamycin

I without Paromomycin or Kanamycin
[ with Paromomycin
[ with Kanamycin

1

concentrations of Neomycin B with or without Paromomycin (10 pM)
or Kanamycin (10 uM). Data represent mean values and standard
deviations from triplicate experiments
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samples provided the required concentrations of Na*, Mg>",
and other ions, and the stable and moderate pH environment
(pH 7.4) to the conformational changes of the RNA aptamer
upon binding of Neomycin B [11, 27]. Figure 1b represents
the linear relationship between the fluorescence intensity
(518 nm) and Neomycin B concentration (from 0.1 to
10 uM). The detection limit (3075, in which o is the standard
deviation for the blank solution, =8, and S is the slope of the
calibration curve) was 0.01 uM.

Paromomycin and Kanamycin are Neomycin class-amino-
glycosides, which both possess the essential neamine moiety
(Fig. 2a) [8]. Specifically, Paromomycin only differs from
Neomycin B in the substitution of a single amino group with
a hydroxyl group. Furthermore, the aptamers evolved against
these aminoglycosides have similar structures [28]. Therefore,
cross reactivity with the neamine-containing aminoglycosides
(Paromomycin and Kanamycin) was tested in order to evalu-
ate the specificity of the aptasensor. Figure 2b shows the fluo-
rescence intensity (518 nm) of the sensor solutions containing
Neomycin B (from 0 to 5 uM) with or without 10 uM
Paromomycin and Kanamycin. After adding 10 pM
Paromomycin, no more than 7 % signal interference was

detected in Neomycin B samples. Following the addition of
10 uM Kanamycin, the signal interference decreased to 2 %.
The possible reason for the interference is the high structure
similarity between Paromomycin and Neomycin B.

It is well known that the intrinsic instability of RNA against
endonucleases precludes the application of RNA aptamers in
biological fluids. In this study, split RNA fragments and RNA-
modified AuNPs increased the stability of the RNA aptasensor
in milk. RNase I is an endoribonuclease that preferentially hy-
drolyzes single-stranded RNA to nucleoside 3'-
monophosphates via nucleoside 2'-,3"-cyclic monophosphate,
which is usually used to remove RNA from DNA solutions.
Figure 3a shows the changes in the fluorescence intensity of the
5'-FAM-labeled NEO1 attached AuNPs treated with or without
RNase I over 720 min. The fluorescence intensity increased
slightly with time, because very few RNA sequences were
degraded and released from the AuNPs. Figure 3b, c illustrates
the absorption spectra of the supernatants of NEO1-AuNP con-
jugates incubated with and without RNase I over time
(720 min). The absorption (260 nm) of nucleic acid increased
slightly with time, due to increased amounts of biodegraded or
released oligonucleotides from the conjugates. Taken together,

a
—a— without RNase I
—eo— with RNase I
2.5
=)
< 20
Q
o
c
2 1.5
g 54
<]
=2
[
1.0+
0.5

120 240

o

360 480 600 720

Time (minutes)

b 0.22

—— 0 min
—— 120 min

with RNase I
0.20+

0.18-

0.164

Absorbance

0.14+

0.12-

240 250 260 270 280
Wavelength (nm)

Fig. 3 RNase inhibition of RNA-modified AuNPs. a Fluorescence
intensities (518 nm) of 5-FAM-labeled NEO1-AuNP conjugates treated
without (black) and with (red) RNase I over 720 min. Data represent
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although there were minor differences in the fluorescence in-
tensities and the absorption values (260 nm) between the two
groups, these results established that most attached oligonucle-
otides (NEO1) were indeed present on the AuNPs after incu-
bation with RNase 1. Ribonuclease activity can be inhibited by
RNA-modified AuNPs during the detection process. The rea-
son is attributed to that most nucleases are inhibited by the high
local salt concentration around the nanoparticle surface [26]. In
this aptasensor design, AuNPs not only acted as fluorescence
quenchers but also enhanced the biostability of the attached
RNA fragments.

Conclusion

In summary, we developed a novel self-assembling RNA
aptamer-based nanoparticle sensor for the detection of
Neomycin B in milk, whose design can be easily tailored to
other small molecules for various diagnostic and analytical
applications. Splitting the RNA aptamer into two shorter half
fragments at the site outside of the ligand-binding pocket does
not affect the binding properties of the aptamer. One fragment
(NEO1) was conjugated to AuNPs via the quick adsorption of
a polyA tail. The other fragment (NEO2) was labeled with a
fluorophore (FAM). The two individual fragments self-
assembled in the presence of the ligand. Upon ligand binding,
the fragments came into close proximity, resulting in fluores-
cence quenching. This RNA aptasensor exhibited a low de-
tection limit (0.01 M) and good selectivity toward Neomycin
B, without chemical modification of the RNA sequence.
Specifically, because of the shorter RNA fragments and the
nuclease inhibition ability of the RNA-modified AuNPs, the
RNA sequences remained stable during the experiments.
Therefore, this work will serve as an example for the devel-
opment of novel biosensors based on RNA aptamers for the
detection of attractive biological targets.
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