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ABSTRACT: In this study, a supramolecular structure with
femtomolar biorecognition properties is proposed for use in
analytical devices. It is obtained by an innovative interface
between synthetic hydrogel polymers and molecular beacon
(mb) probes. Supramolecularly structured microgels are
synthetized with a core—shell architecture with specific dyes
polymerized in a desired compartment. Mb probes are
opportunely conjugated at the microgel interface so that
their recognition mechanism is preserved and their spatial
distribution is optimized to avoid crowding effects. The miR-
21, a microRNA involved in various biological processes and
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usually used as a biomarker in early cancer diagnosis, has been selected as the target. The results demonstrate that by tuning the
spatial distribution of molecular probes immobilized on the microgel and/or the amount of microgels, the assay shows scalable
sensitivity reaching a limit of detection down to about 10 fM, without amplification steps and with detection time as short as 1
h. The assay results specific toward single mutated targets, and it is stable in the presence of high-interfering oligonucleotides
concentrations. The miRNA target is also detected in human serum with performances similar to those observed in PBS buffer
because of microgel antifouling properties without the need of any surface treatment. All tests were performed in a low sample
volume (20 pL). As a result, mb-microgel represents an innovative biosensor to precisely quantify microRNAs in a direct
(mix&read), scalable, and selective way. Such an approach paves the way for creating innovative biosensing interfaces with other

probes, such as hairpins, aptamers, and PNA.
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B INTRODUCTION

Molecular beacons (mb) are widely used as oligonucleotide
probes because of the higher thermodynamic stability of the
hairpin structure, efficient signal switching, and the numerous
reporter dyes available.'* Furthermore, with respect to other
oligonucleotide probes, mb show many advantages, including
faster kinetics of hybridization, excellent sensitivity, selectivity,
and real-time detection capability.” Because of its hairpin-stem
unimolecular reaction, mb are capable of differentiating
between two target sequences that differ by as little as a single
nucleotide.”” Their intrinsic properties have made mb
extensively employed free in solution or immobilized on
solid substrates.

Solid surfaces have been largely functionalized with mb for
biosensing applications obtaining efficient results in terms of
specificity and sensitivity." "> As a result, high-throughput
analysis and parallel screening of several molecules of interest

-4 ACS Publications  © 2019 American Chemical Society

are achieved, reducing both the assay time and cost. However,
when mb are immobilized on solid surfaces, the fluorescence
background usually increases because of nonspecific oligonu-
cleotide—surface interactions and crowding effects among the
immobilized oligonucleotide probes.'® This negatively affects
both the hybridization ratio and the assay sensitivity. In the
case of glass substrates, spacing linkers, such as poly-
(thymidine/adenosine) (poly (T/A poly)) and poly(ethylene
glycol) (PEG),"*"” have been introduced to distance the mb
from the surface. Alternatively, surface polymer coating'® and
nucleic acid analogue519 have been used to increase the mb
stability. Such modifications decrease the surface effect and
slightly improve the mb performance. Gold surfaces also
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represent a valid substrate to immobilize quencher-free mb by
standard gold—thiol chemistry. These functionalized substrates
achieve nanomolar sensitivity and high specificity.”’ Never-
theless, nonspecific adhesion and non-uniform distribution of
mb on the gold surface can reduce the biosensing performance.
mb have been also immobilized on substrate as graphene,”' >
which works as a super-quencher with a long-range nanoscale
energy transfer property. As a result, when mb are immobilized
on graphene oxide substrates, the fluorescence background
strongly decreases and the signal-to-noise ratio (hence the
sensitivity) increases. These biosensors show single nucleotide
polymorphism (SNP) selectivity and low sensitivity (in
nanomolar to picomolar order) that usually require the
combination with amplification methods.”> However, for
each substrate, nonspecific adsorption occurring in biological
fluids largely impairs direct and easy detection of target
oligonucleotides, whereas the kinetics is usually depressed after
immobilization on solid surface.*®

The use of mb on polymeric microparticles has a long
story.”” However, they suffer from the need of passivation or
surface treatment to work in biological fluids and for poor
stability of emitting molecules adsorbed for the optical
barcoding. On the contrary, polymeric microgels or other
hydrogel particles possess ideal and superior features for
biosensing applications. Hydrogels are three-dimensional
hydrophilic materials endowed with tunable chemical and
physical nature.”® The versatility of these materials has gained
popularity in many biomedical applications, such as drug
delivery, tissue engineering, and biosensors.””*° Regarding
biosensing, hydrogels can be functionalized with several bio-
recognition elements and possess solution-like property
capable of improving the sensitivity and reducing the detection
time.”" In particular, hydrogel microposts,”” arrays,” pads,™
and microspheres™ are being developed for biosensing
applications. Indeed, the hydrogel solution-like property
enhances both the thermodynamic association constants™
and the kinetics (association rate k,,)*” for oligonucleotides
and other biomolecules. The antifouling property imparts
selectivity in biological fluids,”® allowing direct measurement
with high specificity without any treatment of the surface.
Indeed, when mb are conjugated on hydrogel surfaces, the
high-fluorescence background can be reduced.’”

Furthermore, hydrogel microparticles offer a suitable
substrate for biosensing.""”*’ Indeed, by means of their
chemical flexibility, it is easy to stably encode spectral signature
ensuring a potentially wide range of possible barcodes. As a
result, microgels with core—shell architecture or barcoded
hydrogel particles are capable of scalable,** sensitive, and
multiplex optical detection.*® Their particle nature*® allows for
assay versatility, multiplex assay,"”*” easy manipulation in assay
steps, and fast analysis in flow,” also compatible with
cy’tometers.49

Therefore, the combination of well-known mb with
microgels or hydrogel particles could represent a very
promising new interface, combining the performance of high
specificity of mb with antifouling properties and high chemical
structure flexibility of microgels. However, the development-
sensing interfaces represented by mb on the hydrogel interface
do not represent a trivial implementation because a number of
technical questions have to be addressed in order to be
successful in its integration. First, the bioconjugation of mb on
hydrogel occurs at a highly hydrated and flexible interface
rather than on a solid surface. This opens up important

questions on whether the molecular switch between the folded
(turn off) and unfolded conformation (turn on) of mb is
guaranteed by the tether nature and length as well as by spatial
distribution of mb bioconjugated on microgels. These
questions are addressed in the present paper in order to
design a new interface for biosensing applications with the
capability to reduce unspecific interactions without the need
for any surface treatment or passivation.

MicroRNA (or miRNA) are non-coding RNA sequence of
about 2225 nt.”* MiRNA aberrations can be correlated with
specific pathological states, such as cancer,”’ cardiovascular
diseases,”” neurological disorders,>” or infections.>* Circulating
miRNAs are often used as biomarkers for the early diagnosis,
prognosis, and follow-up of several pathological conditions.>”
Traditional methods to detect miRNA are mainly based on
amplification methods and in situ hybridization.’>*® However,
despite all the techniques developed, miRNA detection is still
challenging because of the small size, the sequence similarity,
the low abundance, the intra- and inter-variability, the
complexation within vesicles and lipids, and the presence of
interfering molecules in biological fluids.”” For this reason,
although miRNAs have widely proved to be suitable
biomarkers, their application in clinical practice is still limited,
and the development of innovative methods for their detection
is still required.

Here, we present biosensing microgels, made up of
supramolecular structure of PEG, endowed with mb at
interface, capable of detecting microRNAs. Such approach
enlarges the spectrum of biosensing applications of mb by
improving their sensitivity (compared to solution) and by
allowing in-serum direct detection. The hsa-miR-21, an
miRNA involved in various biological processes’” and
usually used as a biomarker in early cancer diagnosis, has
been selected as the target.

This work investigates the potential of mb-microgels,
assessing the question of how the probe structure and spatial
distribution at the microgel interface affect the sensitivity and
specificity of the detection. This could combine the well-
assessed advantages of mb with the capability of microgels to
improve sensitivity and allow mix&read assay. Our results
demonstrate that mb-microgels achieve femtomolar sensitivity
in miR-21 detection, avoiding preliminary amplification steps,
also in serum. Moreover, functionalized microgels are capable
of SNP discrimination and reduced time of analysis. Such
approach could also permit large multiplex ability by dye
polymerization in polymer network.

B EXPERIMENTAL SECTION

Materials. Poly(ethylene glycol) dimethacrylate average Mn 550
(PEGDMA), acrylic acid (AAc), potassium persulfate (KPS),
fluoresceine O-methacrylate, 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide (EDC), polyvinyl alcohol (PVA) 40-88, dimethyl
sulfoxide, sodium hydroxide, 4-morpholineethanesulfonic acid sodium
salt (MES), and biological-grade water were all purchased from
Sigma-Aldrich and used as received. The dye methacryloxyethylth-
iocarbonyl-rhodamine B was obtained from Polyscience Inc.
Phosphate buffered saline tablets were supplied by MP biomedicals.
DNA and RNA oligonucleotides were purchased from Metabion
International with HPLC purification.

mb Design. Two mb complementary to the miR-21 were
designed. The mb contained a fixed loop complementary to the
target made of 22 bases and a stem of 5 or 6 bases (MBSS or MBS6).
The ' terminus was modified with an ATTO647N fluorophore and a
12-carbon amino spacer, whereas a BlackBerry Quencher 650 (BBQ-
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Table 1. mbs and Target Sequences Tested”

sequence (5'—3")

length (nt)

MBSS CGCGCTCAACATCAGTCTGATAAGCTAGCGCG 32
MBS6 CGCGCGTCAACATCAGTCTGATAAGCTACGCGCG 34
miR-21 UAGCUUAUCAGACUGAUGUUGA 22
miR-21-1a UAUCUUAUCAGACUGAUGUUGA 22
miR-21-1b UAGCUUAUCAAACUGAUGUUGA 22
miR-21-2 UAUCUUAUCAAACUGAUGUUGA 22
miR-21-3 UAUCUUAUCAAACUGAUGUUAA 22

non-matching (miR-143-3p)

UGAGAUGAAGCACUGUAGCUC 21

“The nucleotides of the loop are in italics, whereas those of the stem are in bold underline. The mutations introduced in the sequences are in bold.

650) was added on the 3’ terminus. Both mb were suspended in
nuclease-free water to a concentration of 100 M and stored at —20
°C.

To assess the specificity of mb, non-matching sequence (miR-143)
and three mutants of the wild-type miR-21 were also used in the
hybridization assays. Specifically, for the miR-21 mutants, 1, 2, or 3
nucleotides of the sequence were mutated: miR-21-la had one
nucleotide mutated at the end of the loop, near the stem; miR-21-1b
had one mutated nucleotide in the center of the loop; miR-21-2 had
both mutated nucleotides in the center and at the end of the loop;
miR-21-3 had three mutated nucleotides (Tablel).

The kinetics of hybridization in the presence of the wild-type
miR21, the mutated miR-21 sequences, and a non-matching miR were
measured by mixing 500 nM of the sequences to 50 nM of mb in 500
4L of PBS buffer. The fluorescence recovery as a function of time was
recorded by a spectrofluorometer. Fluorescence spectra were collected
in a 1 cm path length cuvette with a HORIBA JobinYvon model
FluoroMax-4 spectrofluorometer equipped with a Peltier temperature
controller. The sample was excited at 647 nm with a slit width of 5
nm, and emission spectra were collected from 667 to 750 nm with a
slit width of S nm.

Melting curves for both mb alone and in the presence of the
miRNA sequences were generated to identify their melting temper-
atures. Melting curves were obtained by monitoring the fluorescence
intensity as a function of temperature. In particular, 500 yL of PBS
buffer solution containing S0 nM of mb alone or mixed with 500 nM
of miRNA was initially denatured (3 min 95 °C), and then the
temperature was decreased from 95 to 20 °C, with a scan rate of 1
°C/2 min. Fluorescence spectra were measured as reported above,
exciting the sample at 647 nm and collecting the emission intensity
from 667 to 750 nm.

Microgel Synthesis. Microgels with a multi-shell architecture
were synthetized through a multistep synthesis, as previously
described.** Briefly, core nanoparticles made of PEGDMA 1% (w/
v) and rhodamine B acrylate monomer (0.1 mM) were synthetized
via free-radical precipitation polymerization. KPS (2.2 mM) in PVA
1% (w/v) was used as an initiator, heating to 65 °C for 7 h in N,
atmosphere. Nanoparticles were dialyzed for 15 days, purified several
times by centrifugation (for 1S min at 6500 rpm), and worked as a
seed for the subsequent two-shell polymerization. The first shell was
obtained using PEGDMA 0.5% (w/v), PVA 0.5% (w/v), and KPS
(1.1 mM), heating to 65 °C for 6 h in N, atmosphere. The microgels
were dialyzed and purified several times by centrifugation (15 min at
9000 rpm). The second shell was obtained by adding to the aqueous
suspension of core/1st shell microgels PEGDMA 0.5% (w/v), KPS
(1.1 mM), AAc 0.25% (w/v), and fluorescein O-methacrylate (0.1
mM). The reaction was allowed to proceed for 6 h. The microgels
were dialyzed for 15 days, purified several times by centrifugation (for
15 min at 6500 rpm), and suspended in deionized water to remove
unreacted monomer, oligomers, and surfactants, and then stored at 4
°C prior to use until further use. The microgel size, zeta potential,
conductivity, and electrophoretic mobility were characterized by
dynamic light scattering (Malvern Zetasizer Nano ZS instrument, 633
nm laser, 173° scattering angle). The carboxyl group content was
quantified by titration before further conjugation of the mb.

mb Conjugation. Bioconjugation was optimized by coupling 1,
0.5, and 0.1 nmol of mb. Before the reaction, 1 mg of microgel was
incubated in 450 4L MES pH 6, whereas mb were incubated in 50 uL
MES pH 6 enriched with 200 mM of NaCl, both for at least 5 h.
Then, the carboxylic groups on the microgel were activated using 500
mM of the coupling agent EDC by stirring vigorously for 30 min at 5
°C. Subsequently, the pre-hybridized mb solution was added to the
microgels by incubating overnight at room temperature. Mb-
microgels were washed 3 times to remove the unreacted mb and
suspended in PBS buffer. For each microgel functionalization, the
kinetics of hybridization with the miR-21 target was measured
through a spectrofluorometer. For this purpose, 20 nM of wild-type
miR-21 solution was mixed to 25 yg/mL of mb-microgels in 500 uL
of hybridization buffer.

Microgel Assay. The assay was easily performed by mixing the
microgels to the sample solution containing the target sequences,
without preliminary steps of amplification. Such solution is incubated
at room temperature and the fluorescence recovery is measured. In
particular, mb-microgels limit of detection (LOD) and limit of
quantification (LOQ), scalable sensitivity, kinetics of hybridization,
and specificity were measured by confocal laser scanning microscopy
(CLSM).

To estimate the LOD and LOQ, S yug/mL of each mb-microgel was
mixed with 20 uL of samples at different target concentrations,
ranging from nM to aM, loaded into a -slide 18-well flat (Ibidi,
Martinsried, DE) and incubated at room temperature overnight.
Moreover, to prove the assay scalability, only in the case of microgels
with the lowest functionalization (0.1 nmol), the microgel
concentration was decreased down to 0.5 ug/mL.

The kinetics of hybridization were measured by mixing 100 nM
and 100 pM of wild-type miR-21 with S ptg/mL of mb-microgels in a
final volume of 20 uL. Fluorescence intensity was collected after 1, 3,
S, and 24 h. The samples were analyzed by CLSM-SPS with an
objective HCX PL APO CS 63 X 1.40 oil (Zeiss), by using Helium
neon laser 543 and 633 nm. Power lasers and detector gains were
always kept constant, with a section thickness of 3.04 airy unit, scan
speed of 8000 Hz, and image size of 144.7 X 144.7 ym? (resolution
1024 X 1024). For each target concentration, 3 or more images were
collected and more than 500 microgels were analyzed. The images
were thresholded by the Otsu algorithm and then processed with the
ImageJ] Analyze Particles function to computationally determine the
number of single fluorescent particles sizing in the range of 1 ym.

Assay Specificity. The assay specificity was tested by adding S
ug/mL of mb-microgels (with 0.1 nmol functionalization) to 20 uL of
buffer solution containing 50 pM of each mutated miR-21 sequence,
50 pM of non-matching miR (miR-143), and S0 pM of 1:1 miR21-
la/miR-143 (Table 1). Moreover, mb-microgels were mixed with SO
pM of wild-type miR-21 containing 50 pM or 5 nM of mir21-1a and
50 pM or 5 nM of 1:1 of miR21-1a/miR-143. The solution was
incubated overnight at room temperature, whereas images were
collected and analyzed as previously described.

Assay in Complex Fluids. To simulate the detection perform-
ance of microgels in a complex fluid, the assay was carried out in
human serum by mixing 5 yg/mL of mb-microgels in 20 yL of human
serum enriched with 2 pmol of wild-type miR-21. The samples were
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Figure 1. mbs-conjugated microgel design and mechanism of biosensing. (A) Two mb that differ from one oligonucleotide in the stem (S5—S6)
have been designed for the study. In the absence of the target, the mb conforms to a stem-loop hairpin structure and fluorescence is quenched. In
the presence of mir-21, fluorescence is recovered after the hybridization between the loop of the mb and the target. (B) Fluorescent microgels are
endowed with carboxylic acid moieties to covalently bind the mb through their 12-carbon amino linker (S’ terminus). (C) mb-conjugated microgel
are directly mixed with the sample without preliminary purification or amplification step. The circulating targets are captured by the microgels with
a consequent fluorescence increment. (D) Fluorescence intensity is measured by confocal microscopy or spectrofluorometer. The target is

quantified comparing the fluorescence recovery measured to a calibration curve.
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Figure 2. Hybridization kinetics of mb MBSS (A) and MBS6 (B) in the presence of wild-type mutants miR-21 and miR-143.

loaded into the microwell and incubated at room temperature. Then,
images were collected by CLSM and analyzed as previously described.

Statistical Analysis. All experiments were performed at least
three times, reported as mean =+ standard deviation (SD) and

analyzed statistically by paired Student’s test. Significant difference
was determined at P values smaller than 0.0S.

B RESULTS AND DISCUSSION

In Figure 1 the fundamental steps involved in mb-microgels
assay development are summarized: the design of the mb
(Figure 1A), the bioconjugation on microgels (Figure 1B), the
target recognition mechanism (Figure 1C), and the fluo-
rescence readout (Figure 1D).

mb Design. The design of mb affects both the sensitivity
and the specificity of the hybridization with the target. The
main parameters considered during the mb deSE%n are the
length and the sequence of the loop and the stem,’”®" as they
participate in the three different conformational states: bound
to target, stem loop, and random coil. Such conformation
change can be affected by bioconjugation at the microgel
interface; therefore, to explore their mechanism, two mb,
MBSS and MBS6 (Table 1), are designed and tested. The mb
share a common loop (22 nt) complementary to the miR-21
and a stem of S (MBSS) or 6 (MBS6) bases. For their design,
specific software programs are used to predict the structure and
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thermodynamic properties. The folding studies (Supporting
Information Figure S1) do not predict secondary structures in
the loop, for both sequences. Moreover, because of the high
GC content, the stem possesses a high stability (AG < 0) in
assay conditions.

Mb are previously tested in solution. As expected, the mb
with a shorter stem (MBSS) results in target hybridization
faster as compared to the mb with a longer stem (MBS6). In
particular, as shown in Figure 2A, MBSS needs 30 min to reach
the complete target hybridization, whereas MBS6 requires
about 150 min in the same experimental condition (Figure
2B). Moreover, the melting temperature increases with the
length of the stem varying from 72.5 °C for MBSS to 82.5 °C
for MBS6 (Supporting Information Figure S2 and Table S1).

Both mb prove enhanced specificity in target recognition in
solution. In particular, the hybridization kinetics and melting
curve of MBSS and MBS6 with miR-21 containing one, two, or
three modifications are analyzed. As shown in Figure 2A,B, the
fluorescence increment, because of hybridization with the
mutated miR, is negligible compared to the wild-type miR-21.

The melting curves confirm that with proper design, mb
have the potential to distinguish single-base variations in the
target miRNA. Indeed, the melting temperature of the miR-mb
duplex decreases as the number of point mutations increases
(Supporting Information Figure S2 and Table S1).
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Figure 3. Microgel assay performance. Microgels are functionalized with MBSS (red) or MBS6 (green) coupling 1 nmol (A—D), 0.5 nmol (B—E),
and 0.1 nmol (C—F) of mb and put in contact with the target (nM to fM).

Microgel Synthesis and Bioconjugation. Microgels
have a core with a hydrodynamic diameter (D) of 416.2 +
0.9 nm. After the addition of the first shell, it grows up to 889.4
+ 18.05 nm, reaching the final diameter of 1002 + 16.3 nm
after the second shell addition (Supporting Information Table
S2). The particle mass increases after each polymerization step
(see Supporting Information Table S4). About 1.41 X 10"
microgels for mg are obtained via the described multistep
reactions. The outer shell of microgels is enriched with
carboxyl moieties to immobilize amino probes, and the amount
of carboxyl group for 1 mg of microgels is 1.71 ymoles (as
described in Supporting Information Figure SS). Additionally,
the carboxyl groups confer to microgels the pH-responsive
swelling property. Indeed, under the same ionic strength,
increasing the degree of deprotonation of carboxylic acid
increases the microgel size (Supporting Information Figure S3)
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because of the reduction of hydrogen bonding between
carboxylic acid and the increase of electrostatic repulsions
between anionic carboxylate groups. On the contrary,
microgels are stable in a high-ionic-strength environment
(Supporting Information Table S3) and show colloidal
properties and enhanced stability over the time. The mesh
size4gf the outer layer of the microgel (2nd shell) is about 4
nm.

In order to set the optimal spatial distribution of mb at the
interface, different bioconjugation conditions are carried out.
Before the carbodiimide coupling, mb are pre-hybridized in an
MES buffer with higher ionic strength. The high ionic strength
helps mb to conform to their quenched hairpin structure
during the immobilization step in an acid MES buffer. This
step avoids non-structured mb to be conjugated within the
layer with reduced mesh size, where they can be hindered to
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Table 2. mb-Microgel Assay Sensitivity

molecular beacon functionalization

1 nmol 0.5 nmol 0.1 nmol
LOD LOQ LOD LOQ LOD L0Q
MBSS-microgels (S yg/mL) 712 pM 215.8 pM 4.5 pM 13.8 pM 105.7 tM 320.5 M
MBS6-microgels (S pg/mL) 443.8 pM 1.34 nM 185.8 pM 542.4 pM 324.8 fM 984.3 fM
MBSS-microgels (0.5 pug/mL) 11.9 M 362 fM
MBS6-microgels (0.5 pg/mL) 141 M 429 ™M
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Figure 4. Hybridization kinetics measured by spectrofluorometer for MBSS and MBS6 by spectrofluorometer (A,B) and confocal microscope

(CD).

conform to their hairpin structure, thus increasing the
fluorescence background.

From the analysis of bioconjugation results, both the signal-
to-noise ratio and the assay sensitivity are affected, increasing
the number of mb coupled to the microgel. In particular, the
signal-to-noise ratio increased about twice, reducing the
functionalization from 1 to 0.1 nmol for both mb (1.78- and
1.6-fold for MBSS and MBS6, respectively).

These results are consistent with other studies and are
especially associated with the crowding effect between mb.’>**
Indeed, the immobilization efficiency linearly increases,
increasing the number of probes. However, at higher density
of functionalization, the fluorescence background increases®*
and hybridization with the target is reduced because of
conformational limitations imposed by the proximity of mb
stem loop or by miR-mb duplexes. Therefore, decreasing the
mb density, such constraint is limited, whereas the signal-to-
noise ratio increases. In particular, we have found that the
signal-to-noise ratio and consequently the sensitivity are
remarkably improved with functionalization of 0.1 nmol,
corresponding to about 4270 mb for microgel or, in the case
of the outer microgel layer, about 27 000 mb for um?>.

Assay Sensitivity and Kinetics. The mb-microgels are
analyzed to define their sensitivity and kinetics of hybrid-
izations. The results obtained (Figure 3) testing a wide range
of target miR-21 clearly show that the working range is
comprised between nM and fM target concentration. The
assay sensitivity increases, decreasing both the length of the mb
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stem and the functionalization ratio. The LOD is defined as
the smallest amount target or analyte that can be reliably
distinguished from the background, whereas the LOQ_is the
smallest concentration at which not only the target can be
reliably distinguished from the background but also some
predefined goals for bias and imprecision are met.”” The LOD
and LOQ_have been calculated, respectively, as 3.3 times the
SD above the slope and 10 times the SD above the slope
(Supporting Information Figure S6 and Table SS). From the
analysis results, microgels functionalized with MBSS (1, 0.5,
and 0.1 nmol) reach, respectively, 71.21 pM, 4.58 pM, and
105.77 fM of LOD and 215 pM, 13.89 pM, and 320.5 M of
LOQ. Microgels functionalized with MBS6, instead, achieve
443.85 pM, 185.8 pM, and 324.8 fM of LOD and 1.34 nM,
5424 pM and 984 fM of LOQ, conjugating with mb,
respectively, at 1, 0.5, and 0.1 nmol (Table 2).

Furthermore, mb-microgel assay shows a scalable sensitivity.
Indeed, by decreasing the concentration of microgels from $ to
0.5 ug/mL per assay, the LOD further decreases (Supporting
Information Figure S7). Each single microgel shows a typical
dose—response curve with the highest signal-to-noise ratio
corresponding to the highest level of target capture. Therefore,
at a fixed amount of target, a lower number of microgels show
high sensitivity because each approaches its saturation point
more (highest level of target capture).** As a result, at a fixed
amount of target, the sensitivity improves by reducing the
number of microgels. In particular, MBSS microgels reach an
LOD of 11.97 fM and LOQ_ of 36.27 fM, whereas MBS6

DOI: 10.1021/acsami.8b22635
ACS Appl. Mater. Interfaces 2019, 11, 17147-17156


http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22635/suppl_file/am8b22635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22635/suppl_file/am8b22635_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b22635/suppl_file/am8b22635_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b22635

ACS Applied Materials & Interfaces

Research Article

microgels reach 14.16 fM of LOD and 42.9 fM of LOQ
(Supporting Information Figure S8 and Table S6).

Established that the lowest functionalization is the most
performing in terms of sensitivity, we have explored the kinetic
of hybridizations characteristic of each coupling by spectro-
fluorometer and confocal microscope. Kinetics of hybrid-
izations—obtained by spectrofluorometer—confirms that, by
decreasing the functionalization, the hybridization time
decreases. In particular, MBSS and MBS6 microgels are able
to recognize the target in less than 1 h, when 0.1 nmol
functionalized microgels are measured (Figure 4A,B). By
increasing the functionalization degree, the kinetics of
hybridization slows down. However, all microgels types tested
(0.5 and 1 nmol) reach the plateau region in about S h. The
kinetics of hybridizations are also measured by confocal
microscopy, decreasing the microgel concentration from 50 to
S pg/mL for assay. Measurements on microgels show that
MBSS microgels with higher functionalization need more than
5 h to completely hybridize with the target miR-21. Decreasing
the functionalization to 0.5 nmol, the process is completed in §
h. However, the most interesting performances are obtained by
the microgels with a lower functionalization degree. Indeed,
mb-microgels reach complete hybridization in 1—3 h even at a
low target concentration (Figure 4C). Microgels conjugated to
MBS6, compared to those functionalized with MBSS, show
slower kinetics of hybridization as observed in solution.
However, the microgels with lower functionalization (0.5 and
0.1 nmol) reach the complete target hybridization in a
maximum of S h (Figure 4D).

The mb conjugation on solid surfaces arises issues in
preserving a proper recognition mechanism. For this reason,
mb-functionalized surfaces have not found many applications
in clinical routines. The performances demonstrated in this
study are mostly ascribable to PEG hydrogel molecular
flexibility and conformation in water. The capability of swell
and retain large volume of water generates a solution-like
environment, which improves the affinity and specificity of mb.
As result, by reducing the probe concentration at the interface,
only the outer part of the microgel is functionalized. In such a
condition, the kinetics of hybridization is not delayed and the
assay time is not retarded by the diffusion, differently to what
occurs in a three-dimensional or thick network, such as in the
case of gel pad.*® Moreover, mb are endowed with a long 12-
carbon spacer to further reduce the steric interactions with the
polymeric surface.

Compared to other mb-functionalized surfaces, the micro-
gels allow combining advantages of mb in solution, as the faster
kinetics of hybridization, with those of immobilized surfaces, as
the improved sensitivity. The mb-microgels technology
overcomes the limitations of current microRNA assays, such
as the complicated primer design, the manipulation of the
sample, and complex results read-out. Few studies have
investigated the potential of combined microgel-mb systems,
but, until now, this is the first technology capable at the same
time to detect microRNA with high sensitivity without
oligonucleotide amplification, to allow for multiplex assay by
dye polymerization and to perform a direct in-serum detection.
Previous studies carried out in our laboratories have already
demonstrated the enhanced sensitivity of microgel-based
biosensors; however, mb-microgels have also significantly
improved the time of hybridization, keeping the same level
of sensitivity,*>*"**

Assay specificity. The capacity to discriminate between
oligonucleotide sequences with a single or multiple mutation is
a fundamental requirement involved in developing an
analytical assay. Microgels functionalized with MBSS and
MBS6 have enhanced properties in specific target recognition.
Microgel specificity, indeed, is tested in the presence of non-
matching sequence (miR-143-3p) and miR-21 mutants. As
shown in Figure 5, MBSS microgels are very stable toward
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Figure S. Specificity assay. MBSS-(A) and MBS6-(B) microgels (0.1
nmol functionalization) were tested toward wild-type miR-21, four
mutated miR-21 sequences, and a non-matching sequence (miR-143).
Moreover, combinations of miR-21-1a and miR143 were also tested
in the absence of the wild-type target or mixed with it. In the last case,
higher concentrations of miR-21-1a and miR143 were also used (S
nM-100X).

non-matching sequences. A considerable fluorescence incre-
ment is measured only after hybridization with the wild-type
target. MBSS microgels show a slight increase in fluorescence
only in the presence of mir-21-1a and mir-21-b. Such increase
corresponded to the 13.1 and 14.3% of the maximum
fluorescence measured after hybridization with the wild-type
miR-21 at an equivalent concentration (Figure SA). MBS6
microgels, instead, show higher specificity, and any fluo-
rescence increment is measured when they are mixed with mir-
21-1a and mir-21-b (Figure SB). Both mb-microgels are stable
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in the presence of the mixture of miRNAs, as miR-21-1a and
miR-143. Moreover, when these sequences are added to the
wild-type target, they do not interfere with the recognition. As
a result, the same increase in fluorescence intensity is measured
both when miR-21-1a is alone and when it is combined with
miR-143 added 1:1(50 pM) or 1:100(5 nM) to the wild-type
miR-21. These results confirm that mb-microgels retain the mb
capability of SNP sensitivity because of an appropriate
development of the mb-microgel interface.

Assay in Complex Fluids. In order to simulate a real
human sample, MBSS and MBS6 microgels have been added
to a small volume of human serum, enriched with 2 pmol of
target and tested without prior manipulation. Both MB
microgels are capable of detecting the wild-type target in
human serum, with results analogous to those obtained in
hybridization buffer (Figure 6A,B). Indeed, because of the
antifouling nature of PEG, interfering proteins circulating in
body fluids are rejected from the surface of microgels,
minimizing nonspecific interactions and improving the hybrid-
ization with the target. This result highlights the enhanced
efficiency of such microgels as mix&read biosensors, which
represent an innovative and interesting field in biosensing.

B CONCLUSIONS

Mb-microgel represents an efficient biosensor for optical
detection of miR-21. In this work, we developed a new
interface by engineering supramolecular PEG hydrogels with
mb. Such interface offered by the microgel is innovative over
other polymeric microparticles for their antifouling properties
(allowing direct and specific detection without any surface
treatment) and for core—shell architecture (permitting stable
and high multiplex ability).

Moreover, by considering the particle nature of the hydrogel,
the fluorescence—generated after target recognition—is
confined to the small volume of a single microgel. This allows
detecting miR-21 with scalable sensitivity down to the fM
range. The assay requires only 20 uL of sample and it is
completed, in worse conditions, in 3 h, avoiding preliminary
amplification steps. We have also proved that mb-microgels are
characterized by high specificity because they can distinguish
the wild-type target from a microRNA with a single nucleotide
mismatch. Furthermore, the antifouling property of the PEG
microgel allows for direct use in biological fluids without the
use of any surface treatment. Here we have demonstrated that
the presence of human serum does not affect the sensing
performance, allowing for a direct detection.
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The interest in the microRNAs field is growing; however,
clinical applications are still limited also because of the
difficulties in their detection methods. Many efforts have been
made; however, current tests suffer from important limitations,
such as cost, time of analysis, and the complexity in specific
probe design as there are technical difficulties in result
interpretation. The mb-microgels presented in this study are
specifically developed for miR-21 detection; however, the
current work paves the way to a new class of microgels-based
biosensors capable of sensitive detection of several microRNAs
in human fluids. In this perspective, the microgel core—shell
microstructure represents an approach to obtain a wide range
of barcodes for multiplex purpose. Indeed, by changing the
relative amount of dyes in each compartment, we can develop
a variety of different optically encoded microgels. Here, we
have shown a single couple of dyes, but many others can be
easily copolymerized within the microgel polymeric network.
Furthermore, such innovative interface between polymer
hydrogel and mb could be extended to other probes, such as
hairpin, aptamers, or PNA. Such promising results open new
routes in biosensing for the application of mb-microgels as a
biosensor capable of detecting circulating biomarker in human
fluids with outstanding analytical capability moving toward
noninvasive, sensitive, and portable bioanalytical devices.
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