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a b s t r a c t

We report an ultra-low fouling surface plasmon resonance imaging (SPRi) biosensor for the rapid si-
multaneous detection of multiple miRNAs in erythrocyte lysate (EL) at subpicomolar levels without need
of RNA extraction. The SPRi chips were coated with ultra-low fouling functionalizable poly(carbox-
ybetaine acrylamide) (pCBAA) brushes having optimized thicknesses and directly functionalized with
amino-modified oligonucleotide probes. We have characterized the effect of the brush thickness on the
probe loading capacity: a loading capacity of �9.8�1012 probes/cm2 was achieved for pCBAA having a
thickness of �40 nm. The probe-functionalized sensor also exhibited a high resistance to fouling from
�90% EL samples (o2 ng/cm2). A two-step detection assay was employed for multiplexed miRNA de-
tection in EL. Specifically, the assay consisted of (i) a sandwich-type hybridization of the probe-func-
tionalized pCBAAwith target miRNA in EL (bound to biotinylated oligonucleotides) and (ii) the capture of
streptavidin-functionalized gold nanoparticles to the aforementioned biotinylated probes. We have de-
monstrated that this approach enables the detection of miRNAs in EL at concentrations as low as 0.5 pM.
Finally, we have confirmed the detection of four endogenous miRNAs representing a set of potential
miRNA biomarkers of myelodysplastic syndrome (MDS) in clinical EL samples (miR-16, miR-181, miR-
34a, and miR-125b). The results revealed significantly higher levels of miR-16 in all the clinical EL
samples compared to the other measured miRNAs.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Mature microribonucleic acids (miRNAs) are �19–24 nucleo-
tide long noncoding RNAs that regulate gene expression in living
cells by mediating targeted hydrolysis and translation inhibition of
messenger RNAs (He and Hannon, 2004). The miRNAs present in
erythrocyte lysate (EL) play an important role in erythropoiesis
and final mRNA degradation (Farh et al., 2005; Felli et al., 2005;
Georgantas et al., 2007). Although the complex mechanism of
miRNA-induced regulation of gene expression is still not fully
understood, numerous intracellular and circulating miRNAs have
been linked to disease outcomes and prognosis (Iorio et al., 2005;
Lu et al., 2005). Moreover, there has been increasing evidence over
the last five years suggesting that changes in miRNA levels in
bodily fluids and tissues are closely associated with the patho-
genesis of most human malignancies, including myelodysplastic
syndrome (MDS) or cardiovascular disease (Erdogan et al., 2011;
Ikeda et al., 2007; Iorio et al., 2005; Lu et al., 2005; Wang et al.,
2009).

Accordingly, miRNAs represent an attractive target as potential
disease biomarkers. Although methods for the detection of nucleic
acids are well established, there remain great challenges for the
accurate and reliable quantification of miRNAs in bodily fluids.
These challenges include miRNAs having short sequences, low
concentrations of target miRNAs in analyzed samples, and inter-
ferences from complex sample matrices (Engels and Hutvagner,
2006; Gao et al., 2014).

Conventional methods for the detection of miRNA include
quantitative reverse-transcription real-time polymerase chain re-
action (RT-qPCR), microarrays, and northern blotting (Benes and
Castoldi, 2010; Lagos-Quintana et al., 2002; Thomson et al., 2004;
Wark et al., 2008). Unlike semi-quantitative northern blotting-
based approaches (Kuchar et al., 2014; Valoczi et al., 2004), RT-
qPCR can cover a broad dynamic range of miRNA concentrations
with a relatively high sensitivity. Unfortunately, this method is
rather time consuming and requires expensive and complex
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equipment. Furthermore, because highly purified samples are re-
quired, the extraction of miRNA from complex biological samples
is necessary. Due to the lack of standardized protocols for miRNA
extraction, this extraction step may lead to increases in variability
and decreases in accuracy (McAlexander et al., 2013; Turchinovich
et al., 2012). Microarrays enable parallelized detection of multiple
miRNAs (Thomson et al., 2004); however, the complexity of miR-
NA labeling, insufficient sensitivity, long hybridization times, or
challenges for standardization limit the routine use of microarrays
in centralized laboratories (Liu et al., 2004).

Several biosensing methods have been proposed as alternative
methods to detect miRNAs. These biosensors include those based
on (photo)electrochemistry (Dong et al., 2012; Gao et al., 2013; Ge
et al., 2014; Kilic et al., 2012; Li et al., 2014; Yin et al., 2014, 2012;
Zhu et al., 2014), electrochemiluminiscence (Cheng et al., 2014; Liu
et al., 2014), fluorescence quenching (Dong et al., 2014; Guo et al.
,2014; Ryoo et al., 2013), and surface plasmon resonance (SPR)
(Sipova et al., 2010; Zhang et al., 2013). The majority of these
studies involve the detection of miRNA either in buffer, diluted
complex bodily fluids, or in aqueous solutions of reconstituted
RNA extracts (Dong et al., 2014; Wen et al., 2013; Yin et al., 2014).
Only a few of these studies involve the detection of miRNA directly
in a complex biological sample (without the sample pre-treatment
miRNA extraction step). For instance, Yin et al. reported the ultra-
sensitive detection of miR-21 in diluted human serum (LOD of
100aM for miR-21 detection in a buffer) using an electrochemical
biosensor; however, this technique had rather long detection time
(44 h) (Yin et al., 2012). In addition, Ryoo et al. recently reported
a fluorescence label-based optical sensor that utilized peptide
nucleic acid (PNA) and nano-sized graphene oxide. The sensor was
capable of multiplexed detection of miRNAs at picomolar levels in
living cells (Ryoo et al., 2013).

In this work, we present a label-free optical biosensor based on
surface plasmon resonance imaging (SPRi) that allows for rapid
(o1 h) and multiplexed detection of miRNAs in EL samples
without the need for miRNA extraction or pre-amplification. The
sensor employs carboxy-functional ultra-low fouling polymer
brushes with amino-modified probes for a two-step assay, which
utilizes sandwich-type hybridization in EL in addition to signal
amplification by streptavidin-functionalized gold nanoparticles (S-
AuNPs). We explore the effects of the brush thickness on the
surface loading capacity and the resistance to fouling from EL. We
targeted four miRNAs (miR-16, miR-181, miR-34a, and miR-125b)
that represent potential myelodysplastic syndrome (MDS) bio-
markers (McAlexander et al., 2013; Peng and Gao, 2011; Rhyasen
and Starczynowski, 2012). After establishing a set of calibration
curves for these miRNAs spiked in EL, we screened three clinical EL
samples for the levels of native endogenous miRNAs.
2. Materials and methods

2.1. Reagents and erythrocyte lysate samples

The list of reagents used in this work and procedure of pre-
paration of erythrocyte lysate samples is provided in the Supple-
mentary material. Spherical gold nanoparticles (AuNPs) with a
diameter of 35 nm were prepared by the reduction of HAuCl4 with
sodium citrate (Bastus et al., 2011). Bare AuNPs were modified
with carboxyl-terminated alkanethiols and then streptavidin was
covalently bound to the surface of AuNPs by amine coupling
chemistry (see Supplementary material).

2.2. SPR sensors

Two SPR systems developed at the Institute of Photonics and
Electronics (Prague, Czech Republic) were used in this study. A
high-resolution SPR imaging (SPRi) system with polarization
contrast and internal referencing (Piliarik et al., 2010) combined
with dispersionless microfluidics (Springer et al., 2010) was used
in the detection experiments. This system enables the simulta-
neous analysis of biomolecular interactions in 30 individual flow-
through sensing spots by using two separate flow-cells with per-
pendicularly oriented flow chambers. The first (six-channel) flow-
cell was used for surface functionalization, while the second (with
six perpendicularly oriented channels) was used for the detection
(see also Supplementary material). A four-channel spectroscopic
SPR sensor (Homola et al., 2002; Vaisocherova et al., 2014) was
used for the optimization of surface functionalization, fouling
studies, and assay control experiments. Both SPR sensors were
equipped with a temperature controller, enabling SPR measure-
ments in a temperature interval of 5–40 °C with a baseline stabi-
lity of 0.01 °C. In order to compensate for the effect of decreasing
SPR sensitivity with increasing layer thickness (Homola, 2008), the
SPR sensor response obtained from both sensors was calibrated
using previously described procedures (Piliarik et al., 2010; Vai-
socherova et al., 2014). A typical value of the correction factor for
bare polymer brush thickness was 1.29 for a 30 nm thick pCBAA
(RI¼1.401 RIU at 750 nm for wet surface (Vaisocherova et al.,
2014)). For the SPR sensors used in this study and a resonant
wavelength of about 750 nm, a 1 mRIU SPRi sensor response
corresponds to a �5.9 nm response of the spectroscopic SPR
sensor (Piliarik et al., 2010). In terms of surface coverage, a SPRi
sensor response of 1 mRIU corresponds to a change in the surface
coverage of �100 ng/cm2 (Homola, 2006; Vaisocherova et al.,
2007).

2.3. SPR sensor measurements

The poly(carboxybetaine acrylamide) (pCBAA) coatings were
prepared by atom transfer radical polymerization (ATRP) accord-
ing to a previously described procedure (Vaisocherova et al.,
2008). These procedures were carried out under optimized con-
ditions in order to obtain coatings with a wet thickness in the
range of 13–45 nm (Supplementary material). The thickness of wet
brushes was measured by means of the spectroscopic SPR sensor
via a previously described procedure (Vaisocherova et al., 2014).

The pCBAA surface functionalization was performed using a
flow-through regime without extra spotting. The procedure con-
sisted of three steps: (1) activation of the functional carboxyl
groups by the NHS/EDC method adjusted to the physical–chemical
properties of pCBAA (Vaisocherova et al., 2014), (2) covalent at-
tachment of amino-modified oligonucleotide probes (probe1 in
Fig. 2), and (3) deactivation of any residual reactive groups. The
optimized procedure for surface functionalization is provided in
Supplementary material.

In the spiked miRNA detection experiments, the sample with
miRNA was mixed with biotin-terminated probes (probe2) having
a complementary base sequence to the target miRNAs and flowed
along the probe1-functionalized pCBAA surface at 15 °C for 10 min
(step I. in Fig. 2). This step resulted in the formation of stable
miRNAnprobe1–probe2 complexes on the pCBAA-coated sensor
surface. In the second step of the assay, the sensor response to
miRNA was enhanced with S-AuNPs. The S-AuNPs were flowed
along the surface for 25 min at 15 °C and bound to probe2 via the
streptavidin–biotin interaction (step II. in Fig. 2).

In order to obtain the calibration curves, we carried out the
detection of four miRNA spiked samples (miR-16, miR-34a, miR-
181, and miR-125b) in EL or PBS at target concentrations of 0.1 pM,
0.5 pM, 1 pM, 100 pM, and 500 pM. Specifically, the undiluted EL
sample taken from a healthy individual was spiked with aliquots
of EDTA (5 mM), NaCl (150 mM), the biotin-terminated probes to



Fig. 1. (A) Effect of pCBAA wet thickness on probe immobilization levels measured
by the SPR sensor. Data were averaged from at least three individual sensing
channels functionalized with either NdmiR-16 or NdmiR-181. (B) Immobilization
levels obtained for different amino-modified probes (NdmiR-16, NdmiR-181,
NdmiR-34a, and NdmiR-125b) immobilized to pCBAA surfaces with a wet thickness
of�40 nm. Each data point was averaged from up to 18 sensing channels using
3 individual sensor chips.
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respective targets (probe2, BdmiRNA, 0.5 mM), and miRNA targets
in a concentration range of 0.1–500 pM. Samples were then heated
to 50 °C and cooled down slowly to room temperature while
gently mixing, after which SDS (0.5%) was added to each EL
sample. It should be noted that after addition of all the reagents,
the original solute concentration of each EL sample was not lower
than 87% of the original value. At least two different miRNAs were
detected simultaneously in a single sample using a single chip (Fig.
S-3 in Supplementary material). These samples were flowed along
surfaces functionalized with the corresponding probe1 at 15 °C for
10 min, followed by the injection of S-AuNPs with OD 0.1 in PBS
with BSA (200 μg/ml) for 25 min at 15 °C. An EL sample without
miRNAs or BdmiRNAs (blank sample) was injected in a single
channel to check the levels of non-specific S-AuNP binding (re-
ference channel). To help control the surface homogeneity and
deactivation after the activation/deactivation surface treatment,
one additional control spot in each detection channel without
immobilized probes within the same surface was identified using
the SPRi software (see also Fig. S-3 in Supplementary material).
The signals from the reference channels were subtracted from
detection channels to compensate for potential flow disturbance,
temperature fluctuations, sample composition variations, or non-
specific binding. The change in sensor response to S-AuNPs bind-
ing was determined for each sample from the start (0 min) to end
time (35 min after washing with PBS). The linear range of sensor
detection was determined for each miRNA. The potential y-axis
offsets corresponding to the presence of native endogenous miR-
NA in analyzed samples were subtracted. The limit of detection
(LOD) was calculated based on the measurement of three blank EL
samples by using “blankþ3� SD” approach.

The effect of brush thickness on fouling from EL obtained from
a healthy individual was measured at 25 °C for 15 min by flowing
the EL sample over the NdmiR-16-functionalized pCBAA surfaces
(with wet thickness of 20–40 nm, probe surface coverages were
kept constant (�5.0�1012 probe/cm2). The fouling characteristics
were determined after washing the surface with PBS buffer for
10 min.

Screening of clinical EL samples, i.e., a sample obtained from a
healthy individual (Normal-1) and two samples from patients di-
agnosed with MDS (MDS-1, MDS-2)) was carried out using the
SPRi instrument and the procedure described above (except for an
injection of any samples spiked with miRNAs). The sensor re-
sponse to S-AuNPs was converted to a concentration scale using
previously determined sensor calibration curves. Validation of the
method was performed using a reverse measurement of miR-16 in
a control sample of a miRNA extracted from EL (MDS-3).
3. Results

3.1. Functionalization of SPR chips with pCBAA and amino-modified
probes

The pCBAA surface functionalization was optimized in order to
achieve a maximum loading capacity of immobilized probes while
maintaining a surface resistance to fouling from EL, see Supple-
mentary material.

In order to assess the effect of polymer brush thickness on the
surface loading capacity, we prepared a series of pCBAA coatings
with thicknesses in the range of 13–40 nm. The amino-modified
probes for the detection of miR-16 were immobilized to the pCBAA
layer using the optimized immobilization procedure. The results
are shown in Fig. 1A. It can be seen that the loading capacity in-
creased with increasing brush thickness, yielding a maximum
capacity of (9.870.6)�1012 probes/cm2 for a pCBAA layer having
a thickness of �40 nm. The limited controllability of grafting
pCBAA layers by ATRP (Rodriguez-Emmenegger et al., 2012) did
not allow the preparation of reproducible pCBAA layers thicker
than 40 nm; therefore, these were not included in this study. In
this work, we assume that there exists a comparable pCBAA
grafting density for brush thicknesses in the range of 19–40 nm
(Vaisocherova et al., 2014).

The immobilization levels for all of the amino-modified probes
used herein for pCBAA coatings with a maximum wet thickness of
�40 nm were comparable, ranging from 8.3�1012 probe/cm2 to
9.8�1012 probe/cm2 (Fig. 1B). A high chip-to-chip reproducibility
(490%) of probe surface density on pCBAA (with a wet thickness
of �40 nm) was achieved for each probe. These probe im-
mobilization levels are higher than those (1–5�1012 probe/cm2)
obtained using standard low-fouling oligo(ethylene glycol)-based
mixed alkanethiolate self-assembled monolayers (OEG-based AT-
SAMs) functionalized with probes using the streptavidin–biotin
interaction (Lahiri et al., 1999; Sipova and Homola, 2013; Vai-
socherova et al., 2008). This finding is in agreement with the as-
sumption that pCBAA brushes form 3D-like structures in solution,
with good accessibility of reactive groups for probe coupling
within the whole brush structure. Good accessibility of any re-
active carboxyls within the hydrophilic pCBAA layer is facilitated
by a high flexibility of the pCBAA brushes in aqueous solution
(Vaisocherova et al., 2014).

3.2. Characterization of SPR biosensor for miRNA detection

A schematic representation of the two-step assay employed
herein for the detection of miRNAs is shown in Fig. 2. The amino-
modified probes (probe1) were immobilized onto pCBAA-coated
gold surfaces using the optimized procedure, where the pCBAA
layer had a thickness of 35–42 nm. The SPR signal enhancement
used in this miRNA assay is provided by S-AuNPs, whose adsorp-
tion within a close proximity to the gold planar surface generates a



Fig. 2. Scheme of two-step assay employed for miRNA detection in erythrocyte
lysate (EL) samples: First, the undiluted EL samples spiked with both biotinylated
probes (probe2) and miRNAs were flowed along the probe1-functionalized pCBAA
(step I.). Streptavidin-coated gold nanoparticles (S-AuNPs) were then injected to
bind to probe2 in order to enhance the sensor response to miRNA detection (step
II.).

Fig. 3. (A) Representative SPRi data corresponding to S-AuNPs binding to miR-
181nNdmiR-181nBdmiR-181 complexes immobilized on pCBAA. (B) Calibration
curves for miR-16, miR-181, miR-34a, and miR-125b spiked into normal EL samples.

Fig. 4. Screening of clinical EL samples (Normal-1, MDS-1, and MDS-2) for miR-16,
miR-181, miR-34a, and miR-125b using the SPRi biosensor. The results were aver-
aged from at least 6 spots using 2 different SPR chips. The results from SPRi
measurements were converted to concentrations using the previously established
calibration curves.

H. Vaisocherová et al. / Biosensors and Bioelectronics 70 (2015) 226–231 229
substantial increase in local refractive index. The used S-AuNPs
provided an enhancement of approximately 800� with respect to
the sensor response for the detection of miRNA at a concentration
of 2 nM, which is in good agreement with the amplification factor
of S-AuNPs previously reported in literature (Springer et al., 2014).

In order to calibrate the sensor for the multiplexed detection of
four miRNAs in EL, an EL sample (487%) was spiked with miRNAs
of various concentrations in the range of 0.1–500 pM. Fig. 3A
shows a representative reference-compensated sensor response to
S-AuNPs binding to probe1 covered pCBAA surface with
miR-181nprobe2 captured from the EL sample spiked with miR-
181. Calibration curves for all the miRNAs are shown in Fig. 3B. We
observed a minimum influence of the lysate matrix on the bio-
sensor performance (Fig. S-5). The LODs determined from these
calibration curves were 0.35 pM, 0.39 pM, 0.50 pM, and 0.95 pM
for miR-16, miR-181, miR-34a, and miR-125b, respectively. The
observed differences in the LOD may be attributed to differences in
each nucleotide sequence that can affect the complex stability.
This could be further improved by decreasing the sensor operating
temperature to o15 °C to enhance the oligonucleotide hy-
bridization. Taking into account the sample volume that was
analyzed (�300 μl), the LODs correspond to a total amount of
miRNA in the range of hundreds of attomoles. Such LODs achieved
are comparable to those recently obtained using the electro-
chemical and lateral-flow biosensors employed for single miRNA
detection in miRNA buffered extracts and serum (Gao et al., 2013;
Ren et al., 2013).

Control experiments were performed in order to characterize
the sensor selectivity to miRNA sequences (see Supplementary
material). No cross-reactivity between the oligonucleotides used
in this study was observed under given experimental conditions.

In order to compare the SPR results with standard RT-qPCR
method, total RNA was extracted from a EL sample and analyzed
by both methods for the presence of native endogenous miR-16.
The concentration of miR-16 determined by SPRi was 3.171.0 pM
and is in a very good agreement with the value obtained by RT-
qPCR (4.070.5 pM).

3.3. Screening of clinical erythrocyte lysate samples for the levels of
native miRNAs

The SPRi biosensor was used for the detection of endogenous
levels of miR-16, miR-181, miR-34a, and miR-125b in EL samples
(Normal-1, MDS-1, MDS-2), see Fig. 4 and Table S-3. The results
from SPRi measurements were converted to concentrations using
the previously established calibration curves, determined for each
individual miRNA detection in EL sample. In all of the EL samples,
miR-16 was found in significantly higher concentrations (at a
concentration range of �10–100 pM) compared to other miRNAs
tested. This finding agrees well with studies reporting relatively
high levels of miR-16 in blood serum (Bastus et al., 2011) and over-
expression in malignant B-cells of leukemia patients (Cimmino
et al., 2005). Our results indicate an over-expression of miR-16 in
EL samples of MDS patients. These trends were also observed by
the RT-qPCR method (see Table S-3) after total RNA extraction
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from the tested samples, although discrepancies in the measured
miRNA levels in biological samples by means of RT-qPCR due to
RNA extraction can be expected (McAlexander et al., 2013;
Turchinovich et al., 2012).
4. Conclusions

We developed a label-free optical biosensor based on SPRi
technology for rapid multiplexed detection of miRNAs in real-
world erythrocyte lysate (EL) samples with high sensitivity and
without the need for RNA extraction. To the best of our knowledge,
this is the first work demonstrating the use of an optical label-free
biosensor for multiplexed detection of miRNAs in cell lysate. The
biosensor utilizes ultra-low fouling carboxy-functional poly(car-
boxybetaine acrylamide) (pCBAA) coatings and functionalized gold
nanoparticles to enhance the sensor response. Using two-step
assay, microRNAs were detected in EL in�45 min at concentra-
tions as low as sub-pM. As the presented SPRi method can detect
miRNA directly with no extra EL sample preparation, it may pro-
vide more accurate results with respect to methods relying on RNA
extraction. We used this biosensor to screen three clinical EL
samples for the levels of four miRNAs; we found a higher con-
centration of miR-16 in EL samples compared to the other three
miRNAs tested. These results demonstrate the potential of this
SPRi biosensor for the parallelized detection of miRNA in clinical
samples. The results indicate that SPR biosensors can ultimately
combine the key advantages of current established methods, i.e.
the high sensitivity of RT-qPCR and the parallelized detection
ability of microarrays.
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