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Abstract 
MicroRNAs are widely studied as circulating biomarkers for early stage diagnosis of several 
diseases. Detection and quantification of miRNAs is currently performed through complex 
and time consuming procedures. Herein we demonstrate a rapid, multiplex, one-pot detection 
method based on two-step amplification of the signal measured by Reflective Phantom 
Interface (RPI) label-free optical biosensor. We achieved sub-pM quantification of different 
miRNAs in about 1.5 hours, through specific capture with surface DNA probes combined to a 
35-fold mass amplification by an antibody targeting DNA-RNA hybrids and polyclonal 
secondary antibody, all performed without washing steps. The assay is the result of a 
modelling and optimization of the multi-step process that has been made possible by the RPI 
characterization of each individual interaction involved.  
 

Keywords: label-free biosensor; reflective phantom interface; nucleic acids; antibody; 
microRNA; DNA microarray; rapid detection; wash-free assay. 
 

 

1. Introduction 

MicroRNAs (miRNAs) are small noncoding RNAs single strands of about 22 nucleotides 
that function as post-transcriptional gene regulators by partially or fully pairing to mRNA 
targets and thus inhibiting their translation (Dong et al., 2013). It is estimated that around 
2000 different miRNAs are present in humans (Alles et al., 2019), inside cells or circulating 
in body fluids, like blood, saliva, tears and urine. Extra-cellular miRNAs can have multiple 
sources, including leakage from cells, due to inflammation or apoptosis, or active release in 
exosomes and in protein-miRNA complexes, which also contribute to their stability against 
degradation (Ramshani et al., 2019)(Weber et al., 2010). 

Because of their role as fine-tuners of many physiological processes, dysregulation of 
miRNAs has been associated to several human diseases, and their detection and 
quantification are being proposed for diagnostic, prognostic and therapeutic purposes (Egatz-
Gomez et al., 2016). However, the distribution of miRNAs varies significantly across the 
body fluids and the measurement of their low concentrations, estimated in plasma or serum 
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between 0.1 fM and some pM (i.e. tens to millions of copies per microliter) (Cheng et al., 
2010) (Kim et al., 2012) (Campomenosi et al., 2016), presents several challenges. Among 
these, limited sample volumes, possible interference of anti-coagulants, lack of standardized 
protocols for RNA extraction and purification, the need for stable small RNA species to be 
used as endogenous controls, all have an impact on miRNA profiling (Moldovan et al., 2014). 

Currently, the main analytical methods for miRNA detection are northern blotting, real 
time-PCR, micro-arrays and deep sequencing. Each of them has advantages and 
corresponding limitations, in terms of cost, precision, accuracy, and required sample quantity. 
For example, PCR displays excellent sensitivity and is capable of absolute quantification, 
which makes it the gold standard for miRNA analysis; however, it can analyse only a small 
number of miRNAs in parallel. On the contrary, micro-arrays offer high throughput but have 
lower sensitivity and dynamic range. All these methods require a suitably furnished 
laboratory and numerous steps, which lead to high costs and time-to-results from several 
hours to days (Johnson and Mutharasan, 2014). For these reasons, the application of these 
methods to clinical practice and point-of-care purposes remains limited and the development 
of simple, low-cost and rapid assays requires alternative strategies. 

Biosensor-based methods combine selective biomolecular probes for target recognition, 
typically represented by complementary nucleic acids strands in the case of miRNAs, and a 
signal transducer, often electrochemical or optical, amenable to portable devices (Johnson 
and Mutharasan, 2014). Biosensors represent an ideal approach for rapid, multiplexed and 
low-cost quantification. In the case of label-free biosensors, in which the signal is directly 
provided by the binding of the target molecule with the surface probe, the measurement 
procedure can be also very simple (Zanchetta et al., 2017). However, signal amplification is 
often required to achieve sufficient sensitivity to quantify target molecules in the pM range. 
In contrast, the direct measurement of the binding curves makes the label-free methods 
excellent tools for quantitative characterization of kinetics and strength of bimolecular 
interactions. In previous works, we have shown the use of Reflective Phantom Interface 
(RPI), an optical label-free biosensor based on the measurement of the intensity of light 
reflected by a surface with very low reflectivity, for studying a variety of interactions, 
including antigen-antibody (Tagliabue et al., 2017), protein-glycan (Zilio et al., 2015), and 
DNA-DNA (Vanjur et al., 2020). The direct, unamplified RPI signal was exploited to 
quantify hormones (Salina et al., 2015), biomarkers for viral infections in humans (Giavazzi 
et al., 2013) and plants (Salina et al., 2016), single base mismatches in DNA strand (Nava et 
al., 2016), and pollutants in environmental water (Lanfranco et al., 2016)(Lanfranco et al., 
2018)(Lanfranco et al., 2020). Among others label-free biosensors, RPI provides the 
advantage of combining large sensitivity for parallel detection with low-cost disposable 
cartridges and compact instrumentation (Giavazzi et al., 2014). 

Here we report the development of a one-pot, label-free assay based on RPI for the 
multiplex detection of miRNAs down to pM concentrations. The assay relies on the capture 
of miRNA by surface-grafted complementary DNA oligomers, followed by a two-step mass 
amplification carried out by specific antibodies (Ab1) binding the DNA-RNA hybrids on the 
surface and by secondary antibodies (Ab2) further increasing the surface mass by decorating 
the first antibody. The assay thus involves three different kinds of biomolecular interactions 
(DNA-RNA, antibody-nucleic acids and antibody-antibody) taking place in the measurement 
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cuvette with no washing steps. Once the assay parameters are optimized through the 
analytical process here presented, the assay achieves sub-picomolar quantification of multiple 
miRNAs through a rapid and simple procedure. 

 

2. Materials and methods 

2.1  Biomolecules and reagents 
We studied the interaction between different molecular partners by a RPI label-free 

biosensor, as described in (Salina et al., 2015). Amine-terminated DNA probe strands 
complementary to five different miRNA sequences were covalently immobilized in spots 

with 150-200 µm diameter on the surface of RPI sensing chips, previously coated with MCP4 
copolymer purchased from Lucidant Polymers (Sunnyvale, CA, USA). The nucleic acids 
used in this work, purchased from Integrated DNA Technologies (Leuven, Belgium), are 
listed in Table 1. The miRNA sequences were chosen as representative examples of 
circulating miRNAs with known association to disease states like various human cancers and 
multiple sclerosis (“miRBase,” 2020)(Schwarzenbach et al., 2014)(Kim et al., 
2012)(Campomenosi et al., 2016)(Ferracin et al., 2015)(Li et al., 2012). Furthermore, we 
selected sequences with different CG contents and without significant homology. As Ab1 
antibody targeting the DNA-RNA hybrid we used the S9.6 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). 

Table 1. miRNA and DNA strands. 

Name miRNA code 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 

DNA21 - /5AmMC6/TCAACATCAGTCTGATAAGCTA 22 

DNA223 - /5AmMC6/TGGGGTATTTGACAAACTGACA 22 

DNA16 - /5AmMC6/CGCCAATATTTACGTGCTGCTA 22 

DNA125 - /5AmMC6/TCACAGGTTAAAGGGTCTCAGGGA 24 

DNA210 - /5AmMC6/TCAGCCGCTGTCACACGCACAG 22 

DNActrl - /5AmMC6/GCCCACCTATAAGGTAAAAGTGA 23 

 

2.2  RPI measurements and analysis 
The RPI measurements were performed by using the method, the apparatus and the 

analysis described in (Salina et al., 2015). The sensing cartridge was kept at 23 °C by a 
thermalized holder during the measurement. The mixing of the sample in the cartridge was 
provided by continuous stirring with a magnetic bar. Sample spikes of miRNAs, primary 
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antibody or secondary antibody were performed by adding 50 μl 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, σ(t), by a custom Matlab program 
(Mathworks, Natick, MA, USA). The analysis was performed on averaged binding curves 
σ(t) of at least 6 spots with identical composition.  

In the case of RNA-DNA and antibody-hybrid interactions, the binding curves were fitted 
with exponential growth functions (Giavazzi et al., 2013)(Giavazzi et al., 2014) with an 
equilibrium plateau given by 

���� = �� �1 + 
�
� 
�       (1) 

where c is the concentration of the target in solution, Σ∞ is the saturation surface density and  
Kd = koff/kon is the dissociation equilibrium constant, given by the ratio between the kinetic 
rates for dissociation, koff, and association, kon. The rate Γ(c) of the exponential binding 
curves is given by  

 ���� = ���� + ����      (2) 

The kinetic behaviour of the interactions was characterized through the initial slope of the 

binding curves σ'(c) = Σ(c)Γ(c). The kinetic rate for association is then obtained from 

��� = �����
���

       (3) 

In the case of the interaction between Ab2 in solution and Ab1 on the surface, the fit of the 

averaged binding curves σ(t) was performed by adding an additional, slower exponential 
growth component and, for the largest concentrations of Ab2, a slow linear decrease. 
However, the analysis of the kinetic behaviour was based on the parameters obtained from 
the first exponential component. The overall shape of the binding curves at different 
concentrations of Ab2 was also evaluated by fitting with stretched exponential growth 
functions (see Supporting Information). 
 

3 Results & Discussion 

3.1 Assay demonstration 
We designed a miRNA assay scheme based on three stages, corresponding to the addition 

in the same measuring solution of miRNA sample, primary antibody Ab1 targeting the 
DNA/RNA hybrid and secondary antibody Ab2 targeting Ab1, respectively. The assay design 
is schematically shown in Figure 1a. DNA probes complementary to the target miRNA 
sequences were immobilized as an array of spots on the surface of a RPI biosensor, consisting 
of a glass prism with an anti-reflective coating optimized for water immersion. The prism 
was glued inside a plastic cuvette and the contained solution was kept under continuous 
stirring, while the miRNA and antibodies samples were added by pipetting. The binding of 
biomolecules on a spot corresponded to a local increase of refractive index at the prism-water 
interface, hence yielding an increase of reflectivity. The surface density of biomolecules on 
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each spot was obtained analysing the time sequence of images of reflected light intensity 
acquired by a CCD camera upon illuminating the prism with collimated light from a LED 
(Salina et al., 2015).  

The miRNA strands in solution form hybrids with the complementary DNA probes on the 
RPI surface. The binding of Ab1 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 Ab1, 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 simply 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 Ab1 after a time t0, 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 Ab1 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 three 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, as described in the following. 
 

 

Jo
urn

al 
Pre-

pro
of



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 t0, a monoclonal antibody (Ab1) targeting the DNA/RNA hybrid is added to 
the solution. Then, a secondary polyclonal antibody (Ab2) that binds to Ab1 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 DNA21 (red) upon addition of 5 pM of miRNA125, 2.5 nM of Ab1 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. 

 
3.2 Stage 1: DNA-RNA interaction on a surface 

We first characterized the equilibrium and kinetics of hybridization between different 
miRNAs and their complementary DNA strands on the RPI surface, through sequential 
additions in the absence of any antibody. As shown in Figure 2a, both the amplitude and the 
rate of hybridization differ considerably for the miRNA sequences considered. The 
hybridization of miRNA21 at the concentration of 12.5 nM provides the smallest amplitude 
and the slowest response. In contrast, miRNA125 shows the largest and fastest signal at the 
same concentration. Figure 2a also shows that each spot family of probes only captures the 
miRNA with complementary strands without cross-interaction among the sequences 
considered in this work. This enables the parallel detection of different miRNAs with 
negligible interference.  

In order to obtain a full characterization of DNA-RNA interaction, we analysed the 
binding curves measured at increasing concentration of each miRNA in solution, as reported 
in Figure 2b. The figure inset shows that at a concentration as low as 0.1 nM miRNA125 
provided the largest signal and all measured miRNAs were well detectable except for 
miRNA21, whose amplitude was comparable to the background noise. The amplitudes and 
the initial slopes of the hybridization curves of Figure 2b, obtained by exponential fits, are 
reported in Figure 2c and 2d, respectively, as a function of miRNA concentration. The fit of 
the amplitudes with a sigmoidal curve provided the equilibrium constant for dissociation Kd 
(Equation 1), whereas the initial slopes, obtained as the product between amplitude and rate 
of each measured hybridization curve, provided the association kinetic constant kon (Equation 
3). The dissociation kinetic constant was obtained as koff = Kd kon. The extracted values of 
these parameters are reported in Table 2. The values of Kd differ by less than a factor of 5 
among the considered miRNA, whereas the corresponding kon changes by more than a factor 
of 10. 

The free-energy of hybridization is known to depend primarily on the sequence 
composition (SantaLucia, 1998). Indeed, as shown in the inset of Figure 2c, we found a 
monotonic dependence of the experimental Kd with the percentage of C and G in the 
sequence for all the miRNA except for miRNA210. Interestingly, this sequence, together 
with miRNA21, also showed a value of kon significantly lower than the other miRNAs 
(Figure 2d and Table 2). To interpret this behaviour, we considered the probability of 
transient self-complementary interactions between target strands in solution or between the 
surface probe strands within the same spot for all miRNAs. These interactions are expected to 
compete with the binding between miRNA and DNA probe, hence reducing the effective 
number of available target and probe strands and the observed association rate. We indeed 
found that, among the considered sequences, miRNA210 and miRNA21, as well as the 
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corresponding probes DNA210 and DNA 21, are those with the largest propensity for self-
interactions, thus explaining the overestimate of Kd and the low values of kon (see Supporting 
Information).  

The difference in kon among the various miRNA results in different LOD. Indeed, when 
aiming at detecting concentrations much smaller than Kd 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 (Eq. 3). Therefore, given a similar surface density of DNA probes, for 
each miRNA the LODs will be simply proportional to the measured kon, as also indicated in 
Figure 2d, where an equal threshold of minimum detectable initial slope (horizontal dash 
line) leads to distinct smallest detectable concentrations. 

 
Figure 2. Characterization of miRNA-DNA hybridization. (a) Different miRNA strands were sequentially 
added in the same RPI cartridge at different times, as indicated by the arrows, at the concentration of 12.5 nM. 
The curves represent the RPI signal measured for specific family of spots: DNA21 (red), DNA210 (magenta), 
DNA223 (green), DNA16 (cyan), DNA125 (blue), DNActrl (brown). Additions were ordered on purpose to 
favour visualization. The black line represents the background signal measured outside the spots area. (b) 
Surface density of miRNA on spots of complementary DNA probes measured by different RPI experiments. 
The concentration of miRNA is progressively increased with time, as indicated in the Figure. The black lines are 
fits with exponential growth curves. Inset: enlarged view of the data after the addition of 0.1 nM of miRNA. (c) 
Equilibrium values of surface density obtained from the exponential fits of the data reported in panel b. The 
lines are fit with Equation 1. Inset: Kd obtained for the different miRNAs as a function of CG content. (d) Initial 
hybridization rate normalized by the asymptotic surface density at saturation of probes. The continuous lines are 
linear fits. Dashed lines and arrows indicate the minimum concentration directly detectable for each miRNA, 
determined by practically measurable hybridization rates. The colours of panel b-d refer to spots targeting 
different miRNA, as reported in the legend of panel a. 
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Table 2. Interaction parameters measured by RPI. 

Target Surface 
probe 

Kd 
(nM) 

koff 
(10-4 s-1) 

kon 
(104 M-1s-1) 

Measured saturation 
amplitude (ng/mm2) 

Max. signal 
amplification 

factor 
miRNA21 DNA21 11.6 1.4 1.2 1.2 1 
miRNA223 DNA223 9.0 8.3 9.2 1.2 1 
miRNA16 DNA16 4.8 4.2 8.9 1.5 1 
miRNA125 DNA125 2.6 4.3 16.5 1.7 1 
miRNA210 DNA210 5.8 1.6 2.8 1.4 1 

Ab1 
DNA-RNA 

hybrid 
0.27 0.2 7.4 12.9 21±0.7 

Ab2 Ab1 18.0 10.5 15.6 85.5 168±6 
 

3.3 Stage 2: Binding of monoclonal antibody on DNA-RNA hybrid 

In the proposed assay scheme, each DNA-RNA hybrid on the surface represents a specific 
binding sites for Ab1 (Boguslawski et al., 1986)(Sguassero et al., 2019)(Qavi et al., 
2011)(Zouari et al., 2018)(Šípová et al., 2010). We investigated a possible dependence of the 
Ab1-hybrid interaction on the sequence of the nucleic acid strands (König et al., 2017). An 
RPI sensor was prepared hybridizing the DNA probes with their corresponding miRNAs at 
12.5 nM, hence at a concentration slightly larger than the Kd for all the miRNA-DNA 
interaction (Table 2). After an equilibration of 30 minutes, Ab1 was added to the solution at 
increasing concentrations. Figure 3 reports the amplitude and the initial slope (inset) obtained 
from exponential fits of the binding curves, both normalized by the saturation amplitude 
extrapolated for large concentration, which is proportional to the total number of surface 
binding sites. As shown in the Figure, the equilibrium dissociation constant Kd of Ab1 (i.e. 
the concentration corresponding to 50% fractional coverage) is very similar for all the 
miRNA sequences investigated. We measured a value of 0.27 nM ±0.1 nM, indicating a 
rather strong interaction between the antibody and the RNA-DNA hybrid. Analogously, the 
kinetics of the interaction is also substantially identical for the sequences considered, as 
reported in the inset of Figure 3. The interactions parameters extracted from the analysis are 
reported in Table 2. As commonly observed, the low Kd of the Ab1 binding is primarily due 
to the long dissociation time, as indicated by the low value of koff. 

The Ab1 molecular mass is about 21 times larger than that of miRNAs, therefore we 
assumed this as the maximum amplification factor for label-free sensing. In practice, this 
enhancement of the signal is achieved only at large concentrations of Ab1 and at low surface 
density of DNA-RNA hybrid, a condition in which the Ab1 antibodies are far apart from each 
other on the surface. In such condition, despite the significant amplification, the overall RPI 
signal is low. In contrast, at large surface density of hybrids, where the RPI signal is larger, 
the maximum surface density of Ab1 is limited by the antibody size. This fact can be 
appreciated from the data reported in Table 2, obtained for rather large hybrid surface 
density. The values of the asymptotic amplitudes at saturation indicate that despite the larger 
difference in molecular mass, the amplification factor relative to the miRNA signal obtained 
for Ab1 at saturation is of only 9.5±1.4, a condition which corresponds to a smaller molecular 
surface number density of Ab1 vs. hybrids, as a result of the steric hindrance between Ab1 
molecules. 
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3.4 Stage 3: Signal amplification by polyclonal secondary antibody 

The rather small value of Kd for Ab1-hybrid binding enables to reach a large fractional 
coverage of hybrid binding sites at Ab1 concentrations c1 as small as a few nM. This offers 
the opportunity to exploit a further amplification step based on the addition of a larger 
concentration of secondary antibodies without the need of removing the Ab1 antibodies from 
the solution. Moreover, using a polyclonal antibody Ab2 anti-Ab1, multiple secondary 
antibodies can bind a single primary antibody, hence providing a further amplification factor. 
In order to properly design this stage of the assay, we investigated the binding of Ab2 on Ab1 
previously bound to the DNA-RNA hybrid, while Ab1 is still present in solution at a 
concentration of 2.5 nM, corresponding to about 10 times the Kd for Ab1-hybrid binding.  

 
Figure 3. Characterization of Ab1 binding to miRNA-DNA hybrid. Fractional coverage of Ab1 on spots of 
DNA probes hybridized with complementary miRNA at 12.5 nM for 30 minutes. Symbols correspond to 
different DNA probe spots, targeting the miRNAs indicated in the Figure, while the curves are fits with Eq. 1. 
Inset: initial binding rate normalized by the asymptotic surface density at saturation. The lines are linear fits.  

 
Figure 4a reports the binding curves measured for repeated experiments performed at 
different Ab2 concentrations c2. The binding of Ab2 on Ab1 on the surface is very low for c2 
< c1 and becomes larger and faster with increasing c2. The binding curves also change shape 
at different c2, from a single exponential growth at small concentrations to a more complex 
behaviour at larger concentrations. 

Figure 4b shows an enlarged view of the data in the early stages of Figure 4a. In the first 5 
minutes the binding curves are all well fitted by single exponential growth functions. At the 
maximum concentration of Ab2, the measured amplitude corresponds to about 4 times the 
signal of the underlying Ab1 layer. The amplitudes and the rates as a function of Ab2 
concentration in solution are reported as open circles in Figure 4c and 4d, respectively. The 
observed dependence of the amplitudes can be fitted by the Hill-Langmuir equation with 
exponent about 1.7 (dashed line in Figure 4c). Remarkably, the same exponent is also found 
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fitting the scaling of the initial slope of the binding curves, as shown in the inset of Figure 4d. 
This behaviour is due to the fact that the concentration of freely available Ab2 does not 
correspond to the added concentration c2, in general, because a fraction of Ab2 antibodies 
bind to Ab1 still present in solution (see Supporting Information). Figures 4c and 4d report as 
black circles the data corrected for the concentration of available Ab2 in solution, from which 
the equilibrium and kinetics parameters of the first exponential component are derived (Table 
2). 

The full binding curves over a longer time interval are well fitted by double exponential or 
stretched exponential functions plus a linear decrease (see Supporting Information). The 
stretching exponent is reported in the inset of Figure 4c and shows that the binding curves 
become progressively less exponential upon increasing c2. These fits enable to estimate the 
maximum amplitude reached by the Ab2 binding curves (triangles in Figure 4c), which 
corresponds to a ratio Ab2:Ab1 of about 7. The measured saturation mass of Ab2 antibodies 
is reported in Table 2. The maximum cumulative amplification factor that one could expect 
simply based on the ratio between the mass of the miRNA-DNA hybrids and the maximum 
total mass of Ab1 and Ab2 that can accumulate on them is about 168. However, this 
theoretical amplification can be achieved only at large concentrations of antibodies and long 
incubation times.  

 
Figure 4. Characterization of Ab2 binding to Ab1. (a) Surface density of Ab2 accumulating on Ab1, normalized 
to the initial value given by Ab1 only, after the addition of Ab2 in solution at the concentration of 2.5 nM 
(yellow), 7.5 nM (orange), 22.5 nM (red) and 67.5 nM (brown) in different RPI cartridges previously incubated 
with 12.5 nM of miRNA125 for 30 minutes and then with 2.5 nM of Ab1 for 45 minutes. The black curves are 
fits with single exponential growth (yellow), double exponential growth (orange), double exponential growth 
and a linear decrease (red and brown). (b) Enlarged view of the data of panel a. (c) Asymptotic equilibrium 
values of the double exponential growth (triangles) and of the rapid relaxation contribution obtained from the fit 
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of curves of panel a as a function of the total concentration of Ab2 in solution (open circles) and of the 
concentration corrected by the competitive effect with Ab1 in solution (full circles). The red lines are fits with 

Hill-Langmuir equation Σ/Σ∞=(1+(Kd/c)p)-1  with p = 1.73 (dashed line) and p = 1 (continuous line). Inset: 
exponent of stretched exponential fits of the curves of panel a. (d) Observed binding rate of the rapid relaxation 
contribution obtained from the fit of panel a curves as a function of the total concentration of Ab2 in solution 
(open circles) and of the concentration corrected by the competitive effect with Ab1 in solution (full circles). 
The red curve is a linear fit of full circles data points. Inset: initial slope of the curves of panel a (dots) and 
power law fit with exponent 1.72. 

 
3.5 Modelling and validation of assay performance 

The label-free characterization of the three individual interactions involved in the assay 
enables a quantitative modelling of its output signal. From the kinetic constants and the 
amplification factors reported in Table 2, we simulated the amount of surface bound miRNA, 
Ab1 and Ab2 at various concentrations and incubation times as obtained by a system of 
consecutive kinetic equations. The model is described in the Supporting Information. The 
behaviour expected from the model is shown in Figure 5a, which reports the amplification 
factor, defined as the ratio between the signal of the complete assay, containing miRNA, Ab1 
and Ab2 and that of miRNA, computed at different incubation times t0, t1 and t2, with the 
constraint of a total incubation time t0 + t1 + t2 = 1.5 hours. As shown in the figure, an 
amplification factor larger than 30 is obtained with rather long incubation times for Ab1 and 
for t2 between 5 and 20 minutes. In contrast, the incubation time for the miRNAs alone 
should be kept very short, within a few minutes. According to this scheme, Figure 5b shows 
the amplification factor as a function of Ab1 concentration for different choices of t2 (and t1), 
while keeping t0 = 1 min. The optimal concentration c1 is about 4.5 nM, which leads to an 
amplification factor close to 35. 

 
Figure 5. Simulated amplification factor as a function of incubation parameters. (a) Amplification factor for 
different incubation times calculated with the constraint t0 + t1 + t2 = 1.5 hours and for c1 = 4.5 nM and c2 = 25 
nM. (b) Amplification factor as a function of c1 computed for different t1 and t2 while keeping c2 = 25 nM, t0 = 1 
min and the total measurement time to 1.5 hours. The arrow indicates how the curves change decreasing t1 
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(increasing t2). The plotted curves correspond to values of t1 of 79 min, 74 min, 59 min, 44.5 min, 30 min and 15 
min. The assay parameters used for the measurements reported in Figure 6 are indicated by an ‘X’ in panel 
a, and as a dashed line in panel b. Full details on the simulation are reported in Supplementary Information. 

On the basis of this analysis, we experimentally studied the response of the assay close to 
the simulated optimal conditions (t0 = 1 min, t1 = 74 min, t2 = 15 min) and 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. Indeed, at concentrations much lower than the 
dissociation constant, the binding curves of miRNA-DNA interactions, although remaining 
below the instrumental sensitivity, are expected to increase linearly with time, with a slope 
proportional to kon (Equation 3). The results are reported in Figure 6, 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 (Li et al., 2012)(Motamedi et al., 2019). As expected, we obtained 
the maximum sensitivity for miRNA125, followed by miRNA16 and miRNA223. In order to 
estimate the LOD, we measured the background signal on control spots (see Supporting 

Information) and computed the miRNA concentrations corresponding to 3σ above such 
background (grey line in Figure 6). The LODs of miRNA125, miRNA16 and miRNA223 are 
0.3 pM, 0.7 pM and 0.75 pM, respectively. In contrast, miRNA21 and miRNA210 provide 
LODs of 4.1 pM and 6.7 pM, respectively.  

The results in Figure 6 demonstrate that sub-picomolar detection is achieved in a 
homogenous one-pot assay without enzyme- or nanoparticle-based amplification through a 
fine tuning of the assay parameters. Methods for miRNA extraction from plasma or other 
biological fluids typically result in rather clean samples suspended in buffer, with 100-fold 
enrichment of RNA content (Wright et al., 2020); therefore, we anticipate similar 
performances of our assay when used with these samples. Given the literature values for 
freely circulating concentrations of the miRNAs studied here and considering such 
enrichment factor, our LODs are either well within physiological estimates of 10-100 fM for 
miRNA16 (Schwarzenbach et al., 2014), or still about a factor of ten larger than 0.1 fM for 
miRNA125 and 1 fM for miRNA21 (Campomenosi et al., 2016). 

According to literature, the sensitivity for miRNA quantification varies significantly 
depending on the detection approach (D’Agata and Spoto, 2019). 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 (Sguassero et 
al., 2019). In contrast, non-enzymatic amplification methods achieved only by antibodies and 
proteins commonly display larger detection limits (Šípová et al., 2010)(Ding et al., 2015). 
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. 
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Figure 6. Assay response measured by experiments. Maximum signal measured after the addition of Ab2 for 
different concentrations of the miRNAs. The assay parameters are t0 = 1 min, t1 = 74 min, t2 = 15 min, c1 = 4.5 
nM and c2 = 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 3σ from the background level measured on control spots. 

 
 

4 Conclusions 

We demonstrated sub-pM detection and linear response with a good dynamic range of 
different miRNAs by RPI optical label-free biosensor, using disposable, single-use cartridges. 
We propose a one-pot detection scheme that avoids washing steps and calibration and is 
based on three sequential interactions, finely tuned and optimized thanks to a preliminary 
characterization of each interaction. The combined effect of mass and concentration increase 
yields to a maximum theoretical amplification factor of the RPI signal of more than one 
hundred relative to the direct label-free measurement of miRNA alone. However, in order to 
limit the overall measuring time, we chose to keep the total incubation time to 1.5 h, hence 
obtaining a theoretical amplification factor of 35. 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 a suitably furnished laboratory and 
specialized personnel.  
The analysis of the single interactions involved in the assay and their theoretical modelling 
provided important insights on the different factors affecting the current sensitivity of the 
approach. The overall performance is found to depend on the specific miRNA sequence in 
two ways: (i) the strength of the interaction with the surface DNA probe scales with the CG 
content of the sequence; (ii) the strength of partial self-hybridization of the DNA probes and 
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miRNAs due to partial self-complementarity of the sequence has a direct effect on miRNA-
DNA binding, hence limiting the overall sensitivity of the assay for a given measuring time. 
Moreover, the simulation of the amplification factor obtained in various conditions provides a 
tool to optimize the assay by balancing the total measuring time and the sensitivity of 
detection at low concentration of miRNAs. Overall, these results are expected to foster and 
guide the design and development of other miRNA arrays, possibly including those based on 
more standard detection methods, such as fluorescence or chemiluminescence. Further 
studies will be needed to effectively combine the proposed assay scheme with a suitable 
extraction protocol to obtain miRNA samples with adequate concentration and purity from 
biological fluids. 
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Design of a rapid, multiplex, homogeneous miRNA assay 
optimized by label-free analysis 
 

Highlights 
 

• Rapid, one-pot assay providing sub-pM quantification of different miRNAs 

• Measurement based on multi-spot, label-free RPI optical biosensor 
• Kinetic characterization of each individual interaction by label-free RPI biosensor 

• Numerical modeling and optimization of the multi-step, wash-free amplification 
• Effect of the specific miRNA sequence on the overall sensitivity of detection 
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