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Abstract: MicroRNAs are widely studied as circulating biomarkers for early stage diagnosis of
several diseases, but the procedures for their detection and quantification are currently complex and
time consuming. We demonstrate a rapid, multiplex, one-pot detection method based on two-step
amplification of the signal measured by a recent label-free optical biosensor, Reflective Phantom
Interface (RPI). The specific capture with surface DNA probes is combined to mass amplification by
an antibody targeting DNA-RNA hybrids and polyclonal secondary antibody, all performed
without washing steps. Through this method, we achieved linear, sub-pM quantification of different
miRNAs in 1.5 h. The RPI enabled the characterization of equilibrium and kinetics of each individual
interaction involved in this multi-step process, which allowed to model and optimize the relative
concentrations and the time intervals of the assay.
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1. Introduction

MicroRNAs (miRNAs) are small noncoding RNAs single strands of about 22 nucleotides,
present in cells or circulating in body fluids. They act as post-transcriptional gene regulators by
pairing to mRNA targets and inhibiting their translation or triggering their degradation [1].
Dysregulation of miRNAs has been associated to several human diseases, but their variable
distribution and low concentration, estimated in plasma or serum in the fM to pM scale [2,3], make
their detection and quantification challenging.

Current methods, like real time-PCR and microarrays, require a suitably furnished laboratory
and numerous steps, which lead to high costs and long time-to-result, which limit their application
to clinical practice and point-of-care devices; optical and electrochemical biosensors may offer an
alternative strategy for rapid, multiplexed and low-cost quantification [4,5].

Here we report a one-pot assay for the detection and quantification of miRNAs down to sub-pM
concentrations, based on the signal measured by a recent optical biosensor, Reflective Phantom
Interface (RPI) [6,7]. The capture of miRNA by surface-grafted complementary DNA oligomers is
followed by a two-step mass amplification by specific antibodies (Abl) binding the DNA-RNA
hybrids on the surface [8,9] and by secondary antibodies (Ab2) further increasing the surface mass
by decorating the first antibody. The design and optimization of the assay was made possible by the
label-free capabilities of RPI, which provides access to kinetics and strength of each biomolecular

interaction involved (DNA-RNA, antibody-nucleic acids and antibody-antibody) [10-12].
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2. Materials and Methods

We studied the various interactions through the RPI label-free biosensor, as described in [7].
Amine-terminated DNA probe strands complementary to five different miRNA sequences were
covalently immobilized in spots on the surface of RPI sensing chips, previously coated with MCP4
copolymer purchased (Lucidant Polymers, Sunnyvale, CA, USA). The miRNAs used in this work,
purchased from Integrated DNA Technologies (Leuven, Belgium), are listed in Table 1.

Table 1. miRNA strands.

Name Sequence nt

miRNA21 (hsa-miR-21-5p) UAGCUUAUCAGACUGAUGUUGA 22
miRNA223 (hsa-miR-223-3p) UGUCAGUUUGUCAAAUACCCCA 22
miRNA16 (hsa-miR-16-5p) UAGCAGCACGUAAAUAUUGGCG 22
miRNA125 (hsa-miR-125a-5p) UCCCUGAGACCCUUUAACCUGUGA 24
miRNA210 (hsa-miR-210-3p) CUGUGCGUGUGACAGCGGCUGA 22

The miRNA sequences were chosen as representative examples of circulating miRNAs with
known association to disease states like various human cancers and multiple sclerosis [2,3,13]. As
Abl antibody targeting the DNA-RNA hybrid we used the 59.6 antibody, purchased from Merck-
Millipore (Burlington, MA, USA). The Ab2 antibody anti-antibody was purchased from Invitrogen
(Carlsbad, CA, USA). Before the measurement, the sensor cartridges were filled with 1.3 mL of
measuring buffer (10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 10 mM MgCl2).

The RPI measurements were performed by using the method, the apparatus and the analysis
described in [7]. The sensing cartridge was kept at 25 °C by a thermalized holder under stirring
during the measurement. Sample spikes of miRNAs, primary antibody or secondary antibody were
performed by adding 50 puL of measuring buffer containing different amounts of such molecules.
From the analysis of the time sequences of RPI images of the spotted surface, the brightness of the
spots was converted into mass surface density of molecular compounds as a function of time t, o(t),
by a custom Matlab program (Mathworks, Natick, MA, USA). The analysis was performed on
averaged binding curves o(t) of at least 6 spots with identical composition. From the binding curves
at different concentrations of target molecules, the kinetic rates for association, kor, and dissociation,
ko, and the dissociation equilibrium constant, Ku = ko/kon, were obtained [7].

3. Results

3.1. Design of the Assay

We designed a three stages-assay, corresponding to the addition in the same measuring solution
of miRNA samples, primary antibody Abl1 targeting the DNA/RNA hybrid and secondary antibody
ADb2 targeting Abl, respectively. The assay design is schematically shown in Figure 1a.
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Figure 1. Assay design and demonstration. (a) A sample containing the target miRNA is injected into
the RPI cartridge. The DNA probes immobilized on the surface of the RPI biosensor bind
complementary miRNA in solution. After an incubation time to, a monoclonal antibody (Abl)
targeting the DNA/RNA hybrid is added to the solution. Then, a secondary polyclonal antibody (Ab2)
that binds to Abl is added after a time t1 and the measurement ends after an additional time t2. (b)
Surface density measured by RPI on spots of DNA125 (blue) and DNAZ21 (red) upon addition of 5 pM
of miRNA125, 2.5 nM of Abl and 25 nM of Ab2 at the times indicated by the vertical lines. The black
points represent the background signal measured outside the spots area.

The miRNA strands in solution form hybrids with the complementary DNA probes on the RPI
surface. The binding of Abl to the hybrid on the surface not only enhances the label-free signal
because of the larger molecular mass, but also provides multiple binding sites for the secondary
antibodies Ab2. The concentrations of Abl, c1, and Ab2, c2, and the measuring times were chosen in
order to realize a one-pot assay, hence avoiding time-consuming and operator-dependent washing
steps: the samples and the antibodies are sequentially added in the same solution at defined times.
Figure 1b reports the surface density of molecules measured by RPI label-free sensing during the
procedure. The addition of a small amount of miRNA125, corresponding to a concentration in the
measuring solution of 5 pM, yields a very low signal, lower than the Limit of Detection (LOD), on
spots of complementary DNA125 probe. In contrast, upon the addition of Abl after a time to, the
signal markedly increases only on the DNA125 probe spots, confirming the presence of DNA/RNA
hybrids. The further addition of Ab2 after an incubation time t1 for Abl provides a much larger signal
due to the multiple binding of secondary antibodies on Ab1 on the surface. As shown in the figure,
the measured signal remains negligible on DNA spots with non-complementary sequence and on the
background regions outside the DNA spots.

The performance of detection and the optimal choice of the assay parameters depend on the
strength and kinetics of the interactions involved in the three stages. The RPI label-free detection
method provides both a suitable platform to implement the final assay as well as an analytical tool to
fully characterize each binding step [14]. The extracted values of Ki, ko» and ko are reported in Table
2, together with the maximum amplification factor expected from the molecular masses of the
different species (the actual values are lower, as a consequence of crowding at the surface and a best
compromise with short duration of the assay).
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Table 2. Interaction parameters measured by RPL

Surface Ka Kot Kon . .
Target Probe (M) (10 51) (10° M- s71) Max Amplification

miRNA21 DNA21 11.6 1.4 1.2 1
miRNA223 DNA223 9.0 8.3 9.2 1
miRNA16 DNA16 4.8 4.2 8.9 1
miRNA125 DNA125 2.6 43 16.5 1
miRNA210 DNA210 5.8 1.6 2.8 1

Abl DNA-RNA 0.27 0.2 7.4 21+0.7

Ab2 Abl 18.0 10.5 15.6 168+6

3.2. Modelling of Assay Performance

The difference in ko among the various miRNA (Table 2) results in different LOD. Indeed, when
aiming at detecting concentrations much smaller than Kz in a limited observation time, the resulting
binding curve is only given by its initial linear growth in time, whose slope is proportional to kon.
Therefore, given a similar surface density of DNA probes, for each miRNA the LODs will be simply
proportional to the measured kos, so that setting a threshold of a minimum detectable initial slope (or
a maximum waiting time) leads to distinct smallest detectable concentrations. From the kinetic
constants and the amplification factors reported in Table 2, we simulated the amount of surface
bound miRNA, Abl and Ab2 at various concentrations and incubation times as obtained by a system
of consecutive kinetic equations, reported in the Appendix A. We set the total duration of the assay
to+ t1+t2 =1.5 h and we looked for the conditions for maximum amplification factor, defined as the
ratio between the signal of the complete assay, containing miRNA, Abl and Ab2 and that of miRNA
alone, computed at different incubation times. We found that rather long incubation times i for Abl
and short to and f2 lead to amplification factors larger than 30. In Figure 2, we report the simulated
signal for such conditions, namely fo=1 min, f1 =74 min, {>= 15 min.
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Figure 2. Simulated binding curve for to=1 min, =74 min, t2=15 min. Dashed vertical lines represent
the moment of injection of Ab1 and Ab2. Blue line is the simulated complete binding curve. Red line
represents the miRNA binding. The amplification factor is obtained by dividing the final value of the
blue line by the final value of the red line.

3.3. Specificity

We verified the specificity of the assay by measuring the surface density due to Ab2 binding in
absence of Abl. We added in the measuring cartridge all the five miRNAs and then Ab2 at the
working concentration of 25 nM. The measured surface density is reported in Figure 3. These results
confirm that the sole contribution of non-specific binding of Ab2 on top of the DNA/RNA hybrid
results in a surface density increment of about 4 pg/mm?, in agreement with the estimate of the total
background level from the red curve in Figure 1b.
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Figure 3. Non-specific binding of Ab2. Surface density measured by RPI upon sequential addition of
miRNAs, Ab2 and Abl at the times indicated by the vertical lines. The concentrations of miRNAs in
the measuring cartridge were 15 pM, 27.9 pM, 27 pM, 88 pM and 209.7 pM for miRNA125, miRNA16,
miRNA223, miRNA210 and miRNAZ21, respectively. The concentration of Ab2 and Abl were 25 nM
and 4.5 nM, respectively. Colors correspond to different DNA probe spots, targeting the miRNAs
indicated in the Figure legend. The black points represent the background signal measured outside

the spots area. Inset: enlarged view of the plot before the addition of Abl.

3.4. Experimental Validation

50f8

Finally, we experimentally studied the response of the assay, in the conditions identified by
simulations as ideal, for different concentrations of miRNAs down to 0.5 pM. We spiked mixtures of
the five miRNAs prepared with relative concentrations inversely proportional to the values of their
kon for binding with the surface DNA probes. The results are reported in Figure 4, which demonstrates
a linear response of the final Ab2 signal across almost two orders of magnitude of miRNA
concentration, which enables to capture the 2- to 10-fold dysregulation reported in literature for
several disease states [15,16]. We measured the background signal on control spots and computed
the miRNA concentrations corresponding to 30 above such background (grey region in Figure 4).
The resulting LODs range from 0.3 pM for miRNA125 to 6.7 pM for miRNA210.
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Figure 4. Assay response measured by experiments. Maximum signal measured after the addition of
AD2 for different concentrations of the miRNAs. The assay parameters are to =1 min, 1 =74 min, t2=
15 min, c1 = 4.5 nM and ¢2 = 25 nM. Dashed lines are fits with power law functions. The average
exponent obtained from the fitting curve was 1.1 + 0.09. The open magenta point was excluded from
the fit. The shade grey area represents the signal values within 30 from the background level
measured on control spots.

4. Discussion

The results in Figure 4 demonstrate that sub-picomolar detection and good dynamic range are

achieved in a one-pot assay without enzyme- or nanoparticle-based amplification through a fine
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tuning of the assay parameters. Methods for miRNA extraction from plasma or other biological fluids
typically result in rather clean samples suspended in buffer [17]; therefore, we anticipate similar
performances of our assay when used with these samples. According to literature, the sensitivity for
miRNA quantification varies significantly depending on the detection approach [18]. LODs in the
sub-picomolar range have been so far reported only for methods exploiting enzymatic enhancement
or making use of gold nanoparticles to enhance the signal of label-free biosensors [19]. In contrast,
non-enzymatic amplification methods achieved only by antibodies and proteins commonly display
larger detection limits [20,21]. The better sensitivity of the method here presented is for the most part
the outcome of having accessed all stages of the interactions and having undergone a quantitative
optimization. Moreover, the proposed method only requires the addition of antibody reagents at
established times after the addition of the miRNA sample. Therefore, the measuring procedure is
simpler and more rapid than the standard methods currently in use, which typically require suitably
furnished laboratory and specialized personnel.
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Appendix A

The amount of molecules binding on the assay spots was simulated by numerically solving a
system of 3 coupled differential equations and using the parameters from Table 2 (specifically, for
RNA/DNA binding simulation, we considered kinetic parameters of miRNA21). Each equation
describes binding of specific injected target, i.e., the formation of RNA/DNA hybrids, Abl binding
on hybrids and the formation of Ab1/Ab2 pairs on surface:

% = Kon0Co(1 — @o(t)) — kosroPo(t), (A1)
d
% = kon,lcf(¢0(t) - ¢1(t)) — kOff,ld)l(t) (A2)
d
% = kon205 (1 (1) — @o(1)) — kopr202(t) (A3)

where indices 0,1,2 correspond to RNA-DNA (hybrid) binding, Abl-hybrid binding, Ab2-Abl
binding, respectively. ¢ i corresponds to the fraction of occupied surface binding sites of the
interaction i, kowi and kofi are the association and dissociation rate, respectively, and ci denotes the
injected concentration of the corresponding analyte. Specifically, unlike RNA/DNA and Ab1-hybrid
interactions, where binding occurs in stoichiometric ratio of 1, a single Ab1 contains n1 binding sites
for Ab2, therefore, the surface amount of Ab2 is obtained as ¢2 times ni. Equations (1)—(3) neglect
steric effects limiting the surface density of antibodies on the sensor surface and thus are valid for
small values of ¢o, corresponding to small concentrations of miRNA in solution. Furthermore,
because of the Abl-Ab2 binding in solution, which also affects Abl and Ab2 binding at surface, their
effective concentrations are lower. Corrected concentrations of both Abl and Ab2 are marked c¢; and
c5, respectively. To convert from fractional surface coverage to mass surface density, solutions were
further multiplied by the asymptotic values of surface density Y., where X«o0 was observed
experimentally, and Y1 and X2 were calculated considering mass and stoichiometric ratios. Given
that a single hybrid binds a single Ab1, the maximum mass surface density of Ab1 that can bind to
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the hybrid is related to the bound miRNA via their mass ratio, i.e.,: 2y 1/20 9 = Mmyp/my. In contrast,
Ab1l and Ab2 have roughly the same mass but about 7 Ab2 can bind a single Abl, therefore the
maximum Ab2 mass density is given by X2 =11 Ze1.
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