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Abstract 
Circulating MicroRNAS (miRNAS) have been studied as a new generation of biomarkers for cardiovascular 
diseases that can be used for diagnosis and prognosis of a wide range of cardiovascular disorders. The development 
of a porous bead based microfluidic system that is able to detect miRNA promises great potential for the 
development of a low-cost, fast, sensitive and portable diagnostic system. In this work, a microfluidic system that 
uses as immobilization platform agarose beads to detect DNA and RNA was studied, with possible application for 
miRNAs. 
PDMS microchannel were sealed against a PDMS membrane. Several immobilization platforms were tested. A 
DNA probe was immobilized onto the agarose beads surface and fluorescence intensity was measured. Using the 
beads, fluorescence intensity signal was enhanced 200-fold when compared with an immobilization performed in a 
bare channel. Protocol optimizations for the flow rate, channel dimension and blocking methods were performed. 
Chemiluminescence and colorimetric detection methods were also tested with a limit of detection 10pM and 
100pM, respectively. Biological matrixes were also used during experiments (Human serum and Fetal Calf serum) 
and it was verified that it was possible to detect signal. 
 
KEYWORDS: microfluidic system, agarose beads, nucleic acid hybridization, cardiovascular diseases.  

 Introduction 

Cardiovascular diseases (CVD) are the most common 
cause of death globally, representing 31% of all deaths, 
a number that is expected to increase in the coming 
years [1][2]. CVD have a cost of almost 196 billion a 
year to the European Union economy [3]. 
The early detection of CVD through effective 
diagnostics is crucial for both patient survival and to 
decrease the costs of these diseases. To achieve an early 
detection of CVD it is necessary the devolvement of 
rapid, low-cost diagnostic tool. The use of microfluidics 
systems to create accurate and sensitive diagnostic tools 
is a very promising solution [1][4]. In parallel, the 
search for new cardiac biomarkers (CB) that can predict 
cardiovascular events more accurately associate with 
microfluidic systems can allow the creation of a 
diagnostic tool with high sensitivity and resolution [5]. 
CVD are a group of heart and vessels disorders, being 
also relate with atherosclerosis conditions that could 
lead to heart attack or stroke [6]. The diagnostic tests 
that are performed to evaluate CVD include diagnostic 
imaging and blood tests, but the majority of these tests 
lack in specificity and/or sensitivity and sometimes it 
even requires an invasive procedure [7]. The use of 
biochemical markers for the study of CVD was first 
described in 1954 and a few years later, in 1989, the 
biomarker term was first introduced [8][9].  
A biomarker can be obtained in a biosample, in a 
clinical test record from the person or in an imaging test 
and it gives information about disease trait, state and/or 

rate. Biomarkers are classified as antecedent, screening, 
diagnostics, staging, prognostics and monitoring [9]. 
Cardiac Biomarker (CB) is described as a biological 
analyte present in blood/plasma circulation at high 
levels if one suffers of CVD [8]. A commonly used CB 
is the cardiac troponins (cTn) for myocardial tissue 
injury, which is detected using ELISA-based methods. 
In recent years it was verified that is possible to present 
high levels of cTn in blood stream without a presence 
of a cardiac pathology [10]. Although cTn continues to 
be the standard CB when evaluating CVD, novel CBs 
were discovered in the past few years, such as 
microRNAs (miRNAs), that promise to be very specific 
and accurate CBs for CVD. miRNAs are small non 
coding RNA molecules that function as post-
transcriptional regulators of gene expression by binding 
to the  in the 3’-unstralated region of targeted 
messenger RNAs (mRNAs) [11]. One advantage of 
using miRNAs as CBs is that they can also be found in 
blood, and detected in plasma, serum, platelets, 
erythrocytes and nucleated blood cells being easy to 
access samples, although they are present in very low 
concentrations. Furthermore, miRNAs are stable under 
adverse conditions, presenting stability in plasma for 24 
hours at room temperature and through 8 freeze-thaw 
cycles, giving them an appealing conditions to be used 
as biomarkers [12][13]. Using a panel of miRNA, adapt 
to each CVD, it is possible to do the diagnosis and 
prognosis of myocardial infarction, acute coronary 
syndrome, coronary heart disease, heart failure, 
atherosclerosis and even hypertension [14].  
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Several detections methods are available to detect the 
abundance of miRNAs. For instance, Northern Blotting, 
quantitative RT-PCR and in situ hybridization can be 
used to determine the level of individual miRNAs. 
Microarray analysis and deep sequencing allow the 
measurement of expression profiles [15]. Overall, these 
techniques present drawbacks and advantages and the 
choice of the most suitable method for miRNA 
detection depends on the specific experimental setting. 
In an ambient where a rapid and sensitive detection as 
to be perform, such as the case of point-of-care 
applications, all of these methods are highly time 
consuming. 
The use of microfluidic system to perform miRNA 
detection allows the development of a faster, highly 
sensitivity, high throughput, low reagents consumption 
and portable analytical system [16]. Over the past 15 
years a lot of progress has been made in microfluidic 
devices used in diagnostic applications. One of the most 
notorious evolutions was the change from silicon and 
glass, as the main materials used in microfabrication of 
the microfluidic systems, to polydimethylsiloxane 
(PDMS). PDMS is a soft polymer, optically transparent, 
electric and thermal insulator, permeable to gas, nearly 
impermeable to water, inert and non-toxic [17]. 
Moreover, the elastomeric properties allow the 
fabrication of valves and pumps using membranes and 
the microfluidic chips can be easily disposable which to 
prevent any cross-contaminations [18]. To replicate 
PDMS structures from a master mold a soft lithography 
technique was used and allowed the creation of 
extremely precise structures, reaching micrometric 
values. To seal the structures one can use glass, plastic 
or PDMS after a step surface activation, such as oxygen 
plasma exposure. This treatment exposes silanol groups 
(OH) at the surface of the PDMS layers that then 
brought together form covalent siloxane bonds (Si-O-
Si) [19]. By coupling microfluidics technology with 
DNA hybridization assay it is possible to achieve high 
sensitivity, enhance hybridization kinetics and decrease 
the non-specific target-probe binding, being a logical 
choice to develop a low-cost, fast point-of-care device 
[18].  Especially, for low concentration samples the 
DNA hybridization in microfluidic channels can 
increase the signal intensity when compared with a 
passive hybridization [18]. The microfluidics-based 
DNA hybridization assays can be based in direct liquid 
flow, surface-based DNA hybridization or probe 
functionalized microbeads [18]. In this work it was used 
the probe functionalized microbeads. 
To increase the sensitivity of the conventional 2D DNA 
hybridization assays perform in microfluidic systems, a 
3D physical support can be integrated in the chip. The 
silica or agarose beads comprise a low-cost solid 
support with a large surface area on which DNA probes 
can be immobilize. The increase in the surface area 
provides an enhancement on the assay sensitivity and a 
more efficient detection [18].  
In the past years several groups have been studding 
these bead based microfluidic systems for nucleic acids 

hybridization. For instance, DNA hybridization using a 
streptavidin-coated microbeads that were conjugated 
with biotinylated single strand (ss)DNA probes was 
demonstrated [20]. Magnetic beads were also used to 
perform DNA hybridization that was detected using 
chemiluminescence [21]. Coupling a microfluidic 
system with streptavidin-coated paramagnetic beads 
created an electrochemical geno-sensor for DNA 
hybridization [22]. A bead based microfluidic platform 
was prepared by having a chamber with functionalized 
beads inside a microfluidic channel and flowing inside 
the channel a fluorescent-labeled target DNA solution 
[23].  
In this work two porous 6% crosslinked agarose beads 
(Q-Sepharose ® fast Flow beads [henceforth referred to 
as Q beads] and DEAE Sepharose ® Fast Flow beads 
[henceforth referred to as DEAE beads]) and controlled 
pore glass (CPG) beads were used. 3-
aminopropyl)triethoxysilane (APTES) functionalized 
CPG beads presented a positively charged surface due 
to the amine groups. Q beads presented quaternary 
amines on the surface and the DEAE beads present a 
tertiary amine functionalization. These surfaces 
functionalization made the beads’ surface positively 
charged, thus allowing an electrostatic immobilization 
of the biotinylated ssDNA probes, due to the DNA’s 
phosphodiester backbone that is negatively charged. It 
was also used the affinity of the streptavidin to biotin to 
create a complex streptavidin-biotinylated ssDNA 
(henceforth referred as to complex DMA probe) to 
allow an amplification, since one streptavidin allows, in 
the limit, the binding of 4 biotinylated DNAs. 
Moreover, the complex DNA probe could help to have 
the biotinylated ssDNA probes in a more vertical 
position in respect to the bead’s surface, which 
improves the hybridization, since the biotinylated 
ssDNA probes become more accessible for 
hybridization, instead of having the biotinylated DNA 
probe immobilized on a horizontal and less accessible 
position. For hybridization detection fluorescence, 
chemiluminescence and colorimetric detection methods 
were used.  
To calculate the limit of detection (LoD) of the system 
the limit of blank (LoB) and the standard deviation of 
replicas of a sample that contains the lowest known 
concentration (SDLow Concentration samole) were used [24]: 

LoD = LoB + 1.645(SDLow Concentration samole)    (1) 
Where the limit of blank (LoB) is defined as:      

LoB = meanBlank + 1.645(SDBlank)            (2) 

Materials and Methods 

Solutions 

Phosphate buffered saline (PBS) (Sigma-Aldrich) was 
used in the preparation of several solution and as the 
main buffer in the assays. Milli-Q water (Millipore) was 
also use to prepare solutions. A working solution of 1% 
APTES was prepared from a 99% APTES stock 
solution (ACROS Organics) diluted in Milli-Q water 
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and used for salinization of glass surfaces on bare 
channels assays. Bovine Serum Albumin (BSA) 
(Sigma-Aldrich) was diluted with PBS to a 4% (w/v) 
BSA working solution and used as a blocking agent. 
Sodium Polyacrilate (PAA) 45% (w/w) (1200 and 8000 
Da average molecular weight (MW)) and PAA 35% 
(w/w) (1500 Da MW) (Sigma-Aldrich) were diluted to 
5% (w/w in PBS) working solution and used as 
blocking agents. Polyethylene glycol (PEG) 33% (w/w) 
(8000 Da MW) was used as a suspension solution for 
the beads. Streptavidin (Sigma-Aldrich) stock solution 
was diluted to a 0.1% (w/v in PBS) working solution 
and it is used to create a complex DMA probe using the 
strong affinity of biotin to streptavidin. 3-morpholino-2-
hydroxypropanesulfonic acid (MOPSO) (Sigma-
Aldrich) was tested as buffer. The DNA 
oligonucleotides (StabVida Genomics) used in this 
work are presented in Table 1. 
 
Table 1 - Name, sequence, modifications (Mod) and application of 
the oligonucleotides used in this work. 

Oligonu-
cleotide Sequence 5’ Mod 3’ Mod Used for 

ssDNA Probe 
Affinity 
coupling 

5’-
CAGGTCAA

AAGG 
GTCCTTAGG

GA-3’ 

6-
FAM Biotin 

Fluorescence 
immobiliza-
tion assays 

ssDNA Probe 
Affinity 
coupling 

5’-
CAGGTCAA

AAGG 
GTCCTTAGG

GA-3’ 

None Biotin As DNA 
Probe  

ssDNA  
complementar

y target 

5’-
TCCCTAAGG

ACC 
CTTTTGACC

TG -3’ 

None Atto-
430 

Fluorescence 
assays 

ssDNA  non -
complementar

y target 

5’-
CGTGTCGTT

CACA 
TCTGTCCGT 

-3’ 

None Atto-
430 

Fluorescence 
assays 

ssDNA  
complementar

y target 

5’-
TCCCTAAGG

ACCCT 
TTTGACCTG 

-3’ 

None Biotin 
Chemilumi-

nescence 
assays 

ssDNA  non -
complementar

y target 

5’-
CGTGTCGTT

CACA 
TCTGTCCGT 

-3’ 

None Biotin 
Chemilumi-

nescence 
assays 

 
Fetal Calf Serum (FCS) (Thermo Fisher) and Human 
Serum (HS) (provided by Instituto de Medicina 
Molecular) were used as biological matrixes. 
Streptavidin Horseradish peroxidase conjugate (Strep.-
HRP) (Invitrogen) 0.1% (w/v in PBS) was used for 
chemiluminescence assays.  
CPG beads (EMD Millipore), Q and DEAE (GE 
Healthcare) porous beads were used as 3D physical 
support. 
 

 

Fabrication of PDMS microchannels 

The microchannel used is a two heights microchannel 
(100 and 20 µm) that creates a constriction zone, in the 
interface of the two heights, to allow beads 
accumulation. The microfluidic device was fabricated 
using a standard process of replication of a PDMS 
structure from a two heights SU-8 mold. SU-8 2015 
negative photoresist (MicroChem) was spin coated onto 
a clean silicon substrate, creating a 20 µm layer. An 
Aluminium (Al) hard mask microfabricated with the 
desired pattern was placed in direct contact with the 
SU-8, after a pre-exposure bake of 4 min at 95 °C on a 
hot plate, and exposed to UV light. The development of 
the non-exposed photoresist was done by immersion in 
propylene glycol monomethyl ether acetate (PGMEA, 
99%) (Sigma-Aldrich), after a post-exposure bake at 95 
°C during 5 min. The substrate was then cleaned with 
isopropanol (IPA). A second layer was spin coated onto 
the substrate at a thickness of 100 µm. A second Al 
hard mask microfabricated with the desired pattern was 
manually aligned and placed in direct contact with the 
SU-8, after a pre-exposure bake of 10 min at 65 °C and 
30 min at 95 °C. The substrate with the hard mask was 
exposed to UV light. Following a post-exposure bake at 
65 °C for 1 min and 10 min at 95 °C, the SU-8 was 
allowed to cool and then developed by immersion in 
PGMEA for 10 min. After cleaning the substrate with 
IPA a final hard bake step was performed for 15 min at 
150 °C. The process is schematized in Figure 1. 

 
Figure 1 - Schematics of the SU-8 mold fabrication (side view). 
Dimensions of the materials not to scale. 
 
The PDMS structures were fabricated using a soft 
lithography technique. PDMS, previously mixed at a 
1:10 ratio of reticulating agent to PDMS pre-polymer, 
was poured over the SU-8 mold. The PDMS was left to 
reticulate in an oven at 70 °C for 90 min and then it 
peeled off from the mold. The process is schematized in 
Figure 2.  
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Figure 2 - Schematics of the PDMS fabrication by casting on a SU-8 
mold (side view). Dimension of the materials not to scale. 
 
Holes were punched with a 17Ga blunt needle (Instech 
Solomon) for the inlet and a 20 Ga blunt needle for the 
outlet. A PDMS membrane with 500 µm thickness was 
used to seal the microchannels, by having the 
membrane and the PDMS device with the microfluidic 
structures face upwards in the plasma cleaner at 
medium power for 30-60 sec. The membrane was 
placed in contact with the structure after the plasma 
treatment and Si-O-Si bonds were formed. The whole 
device is then baked on a hot plate for 5 min at 130 ºC. 
In Figure 3 it is presented a schematics of the final 
structure. 

 
Figure 3 - Schematics of the PDMS device (side and top views). 
Dimension of the materials not to scale. 

Fluorescence assays 
To test immobilization of DNA probe onto the beads 
the beads were packed inside the channel with a NE- 
4000 syringe pump (New Era), that also controlled the 
flow of the liquids inside the channels. The bead 
solution was composed by 3 µL of 33% PEG and 0.3 
µL of CPG, DEAE or Q Beads suspensions, depending 
on the beads to be studied. The beads were pulled inside 
the channel at 5µL/min followed by a washing step. All 
washing steps consisted of flowing pure PBS solution at 
5µL/min for 1 min, unless state otherwise. Then a 
previous mixed solution of streptavidin and biotinylated 
ssDNA labelled with a fluorophore in a ratio of 1:4M 
(streptavidin to biotinylated ssDNA), which was 
incubated for 10 min, was flowed inside the channel at 
1µL/min for 10 min and a last washing step was 
performed. The flow rate used was selected through 
optimization of the channel dimension. The 
immobilization of DNA probes was also performed in a 
straight PDMS channel sealed with glass with 5 mm 
length, 200 µm width and 20 µm height. In this case the 
glass was functionalized with 1% APTES that was 
flowed inside the channel at 0.5µL/min for 10 min 
followed by a washing step. A previous mixed solution 
of streptavidin and biotinylated ssDNA in a ratio of 1:4, 
which was incubated for 10 min, was flowed inside the 
channel at 0.5 µL/min for 10 min. For the detection the 

microfluidic devices were placed under the 
fluorescence microscope (Olympus Microscope 
CHX41) with a blue light excitation filter. 

For the blocking optimization experiments it was first 
tested the ability of the blocking agents to prevent 
immobilization of the complex DNA probe. For that the 
beads were pulled inside the channel at 5µL/min 
followed by a washing step. Then, the blocking agent 
under study was flowed inside the channel at 5uL/min 
for 10 min followed by a washing step. A previous 
mixed solution of streptavidin and biotinylated ssDNA 
in a ratio of 1:4M that was incubated for 10 min was 
flowed inside the channel 1µL/min for 10 min and a last 
washing step was performed. The flow rate used was 
selected through optimization of the channel dimension. 
The signal was detected. It was also preformed a similar 
assay with a blocking time of 2 min. 

For hybridization two experiments were done 
simultaneously in two separate channels, one for the 
complementary targets ssDNA (cDNA) and another for 
the non-complementary target ssDNA (ncDNA) both 
labelled with Atto-430 at the 3’Mod. The beads were 
pulled inside the channel at 5µL/min followed by a 
washing step. A previous mixed solution of streptavidin 
and biotinylated ssDNA in a ratio of 1:4M that was 
incubated for 10 min was flowed inside the channel at 
1µL/min for 10 min followed by a washing step. The 
blocking agent was flowed inside the channel at 
5uL/min for 2 min, followed by a washing step. Then in 
one channel it was flowed ncDNA and in another 
cDNA at 1µL/min for 10 min, followed by a final 
washing step. Several concentrations of ncDNA and 
cDNA were detected. 

When analysing the results using the software ImageJ, 
three individual beads inside the channel were selected 
and the mean RGB intensity value of these beads was 
averaged. To obtain an absolute value the background 
mean intensity was subtracted to the beads average 
value. The background in this case was a region inside 
the channel where no beads were present. This 
methodology was also used for the chemiluminescence 
results. 

Chemiluminescence assays 

The chemiluminescence hybridization assays started 
with blocking the channel surface with 4% BSA to 
avoid unspecific adsorption of Strep.-HRP to the 
PDMS. 4% BSA solution was flowed inside the channel 
at 1uL/min for 5 min followed by a washing step. The 
beads were then pulled inside the channel at 5µL/min 
followed by a washing step. Next, a previous mixed 
solution of streptavidin and biotinylated ssDNA in a 
ratio of 1:4M that was incubated for 10 min was flowed 
inside the channel at 1µL/min for 10 min and a washing 
step was performed. The blocking agent was flowed 
inside the channel at 5uL/min for 2 min followed by a 
washing step. Then in one channel it was flowed 
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ncDNA and in another cDNA at 1µL/min for 10 min 
followed by a washing step. A 100 µg/mL Strep.-HRP 
solution was flowed inside the channel at 1uL/min for 
10 min followed by a washing step of 4 min. A solution 
of 1:1 luminol and hydrogen peroxide (Luminol 
SuperSignal® West Femto Chemiluminescence 
Substrate kit purchased to Thermo Scientific) was 
flowed inside the channel at 20uL/min. The microscope 
was covered with a black cover to acquire the images. 
After this is also possible to do a colorimetric detection 
by flowing inside the channel TMB (Thermo Scientific) 
at 10uL/min for 3 minutes.  
For the FCS and HS assays the protocol used was the 
same, the difference was that the cDNA and ncDNA 
were diluted in FCS or HS, instead of being diluted in 
PBS.  

Results and Discussion 
 
Physical support choice – Immobilization of DNA 
probe on different functionalized beads  
 
Three beads were tested and probe immobilization 
occurred due to electrostatic interactions between the 
backbone of the ssDNA (negatively charged) and the 
surface groups on the beads (positively charge). The 
same assay was performed in a bare channel for 
comparison. Figure 4 presents the results obtained and 
in Figure 5 a diagram of the channel is presented, 
schematizing the region where the beads are trapped 
and where the signal is measured (A). Figure 5 (B), (C) 
and (D) present fluorescent images from the bare 
channel, the DEAE beads and the Q beads and CPG 
beads, respectively. These images were captured in the 
last minute of the immobilization step. 

 

 

 

Analysing Figure 4 it is possible to observe that the 
physical support that allowed for more immobilization 
of the complex DMA probe, assuming that the emitted 
light (and so the fluorescence intensity) is proportional 
to the concentrations of the complex DNA probe 
immobilized, was the Q beads. Comparing the values of 
immobilization for a bare channel and the Q beads, the 
use of the beads allowed a 200-fold increase in the 
signal intensity, which corresponds to an increase in 
sensitivity and the LoD, the difference in signal is 
visible in Figure 5 (B) and (D). This is explained by the 
increase in the surface-to-volume ratio provided by the 
beads thus allowing more hybridization sites for the 
target DNAs. It is also possible to observe that the 
DEAE beads presented the wider range of variability, 
calculated as the standard deviation of three individual 
measurements. One possible explanation for this is 
related with the surface groups on the beads. Q beads 
have a quaternary amine with a non-titratable positive 
charge and DEAE beads contains a diethylaminoethyl 
group with a tertiary amine, that is positively charged at 
neutral pH and at an alkaline pH (pH > 9) is titrated. 
The buffer used has a theoretical pH ~7.4 but since it 
was not controlled in every experiment it could have 
presented little fluctuations. Although the fluctuations 
were probably very small and not enough to prevent an 
electrostatic binding of the complex DNA probe, it 
could account for some variability on the DEAE 
experiments. Furthermore, when comparing Q beads 
and DEAE beads it was possible to hypothesize that due 
to steric hindrance the electrostatic binding of the 
complex DNA probe is affected. The tertiary amine on 
the DEAE beads has ethyl groups that are larger than 
the methyl groups in the quarternary amine on the Q 
beads. Since steric hindrance his related with the size of 
the groups, steric hindrance is greater at the nitrogen 
atom in the surface groups on the DEAE beads than that 
in the nitrogen atom in the surface groups on the Q 
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Figure 4 - Immobilization of probe DNA onto several physical 
platforms. The error bars represent the standard deviation of three 
repeated measurements. (Exposure time: 50ms, gain: 2.5dB, 
magnification:10x). 

Figure 5 – (A) Diagram of the constriction zone inside the channel 
where the beads accumulated and where the images were acquired. 
The arrows represent the direction of the flow. (B) Experimental 
image from the bare channel for the immobilization of probe DNA. 
(C) Channel with DEAE beads. (D) Channel with CPG and Q beads 
exposed to the same experimental conditions. 
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beads, thus preventing some complex DNA probe 
immobilization. 

Flow rate and channel dimensions optimization –
Fluorescence detection 
 
When performing the last assays for the beads a 
5µL/min for 10 min was used in the immobilization 
step and a minimal solution volume of 50µL was used. 
Comparing with the bare channel assay (optimized in 
previous work) were 0.5µL/min for 10 min was used, 
fewer reagents were also used. Since decrease of waste 
is a concern in microfluidics assays a 0.5µL/min flow 
rate for 10 min was used for the immobilization step on 
the beads channel. The results are presented in Figure 6. 

 
 

 
 

 
 

 

As it is possible to verify in Figure 6 using a 0.5µL/min 
flow rate the immobilization onto the beads was not 
effective contrasting with the previously used 5µL/min 
flow rate, where it is possible to observe a hyperbolic 
behaviour similar to other binding kinetics curves. 
Depending on the flow rate two regimes can exist: a 
transported-limited regime and a reaction-limited 
regime. In the first, total analyte capture is limited by 
the flow, or transport, of analytes to the beads. In the 
reaction-limited regime the flow is not sufficiently high 
to replenish the DNA probes concentration that is 
depleting as they electrostatic bind to the beads surface. 
In Figure 7 the restriction zone and the inlet zone for 
the two assays are showed. Analyzing Figure 7 it is 
possible to verify that near the inlet zone in (B) and (D), 
the intensity of the signal is similar for both assays but 
in the restriction zone in (A) and (C) the fluorescence 
intensity is very low for the assay were 0.5µL/min was 
used and it is similar to the intensity in the inlet zone 
when using 5µL/min flow rate. This indicates that with 
0.5µL/min flow rate there were a transport-limited 
regime in the restriction zone since the first beads, 
which were near the inlet, were capturing the DNA and 
there was not sufficient concentration of complex DNA 
probe reaching the beads in the restriction zone due to 
the low flow rate. When the beads surface becomed 
saturated, while there are plenty of unbound sites in 
the intterior core of the beads, the rate of reaction is 

limited due to the need for the analyte to be 
transported to the internal binding sites via 
convection and difusion (Figure 7 (B)). Since the 
bead interior is more transported-limited, most of the 
flourescence signal quickly develops at the outer rim 
of the bead. In Figure 7 (B) and (D) it is possible to 
see that the larger beads presented a more intense 
flourescence signal at the rim, while in the center the 
signal was lower. This is due to the transport-limit 
regime inside the beads and it is clearly observed in 
larger beads, since the complex DNA probe needed 
more time to diffuse to the center of larger beads 
than to smaller ones. The porous medium allows an 
extended signal development, where the final signal 
intensity is a cumulative fluorescence on several 
focal planes across the semi-transparent bead. The 
difussion is possible since the complex DNA probe is 
much smaller (~ 9.5nm) than the pore size (50nm) of 
the fibrous network. According to the literature the 
amount of penetration is non-linear with respect to 
the rate of sample delivery due to reaction kinetics 
and the slower transport of the complex DNA probe 
inside the beads. This experiment allowed to understand 
that since the optimal flow rate was 5µL/min a change 
in the channels dimensions was necessary to decrease 
the waste of reagents. The channel dimension 
optimization allowed changing the flow rate from 
5µL/min to 1µL/min, having similar results for 
immobilization and saving 80% of reagent sample when 
compared with the previous immobilization step used. 
In a simplistic way, and since the heights were 
maintained, the principal dimension to be considered in 
this case was the width of the channel were the beads 
were trapped. A 5-fold decrease in this dimension 
represented also a 5-fold decrease in the flow rate. The 
widths of the optimized channel are presented in Figure 
8. 
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Figure 6 - Fluorescence intensity of immobilization assays. Two 
flow rates were tested 5 µl/min (blue) and 0.5 µl/min (green). The 
dash lines fitting the data are a guide to the eye.   

Figure 7 – (A) Fluorescence intensity in the restriction zone using a 
0.5 µl/min flow rate. (B) Beads near the inlet zone using a 0.5 µl/min 
flow rate ((A) and (B) are from the same channel and same assay). 
(C) Fluorescence intensity from the beads in the restriction zone for 
the experiment at 5 µl/min. (D) Beads near the inlet zone using 5 
µl/min flow ((C) and (D) are from the same channel and same assay). 
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Hybridization assays – Fluorescence detection  
After flow rate and channel optimization, hybridization 
assay using 100nM target DNA was performed. First it 
was tried an hybridization with no blocking step, but 
the ratio between cDNA and ncDNA was very close to 
1, which meant that it was not possible to clearly 
distinguish between cDNA and ncDNA. To improve 
the assay a blocking step was introduced using 4% 
BSA. The results are presented in Figure 9. 
Analysing Figure 9 it is possible to conclude that for the 
hybridization assay with no blocking step the ratio 
increased linearly during the assay. For the 
hybridization assay with the 4% BSA blocking step this 
was not so clear, since the ratio increased first and then 
decreased. This could mean that some of the BSA 
blocking the surface was removed, allowing nonspecific 
binding of ncDNA. Also it is not certain that the 
blocking of the beads was homogenous throughout the 
surface. Nevertheless, the results show that the ratio 
was improved in average 0.6, when compared with the 
hybridization without blocking, which implicated that a 
blocking step was needed to reduce the nonspecific 
binding of ncDNA to the beads surface. Blocking 
optimization assays were performed. 

 

Blocking optimization – Fluorescence detection 

Several blocking agents were tested. To evaluated if the 
blocking agents removed complex DNA probe 

immobilized from the surface. An alternative to the 
blocking protocol was performed were a regular 
immobilization protocol was done followed by a 
blocking step of 10 min. This experiment was crucial 
since a good blocking agent should block the surface 
but also be weak enough so that there is minimal 
removal of immobilized complex DNA probe. The 
results are presented in Figure 10. The values were 
normalized to the fluorescence intensity in t=0. 

 
As it is possible to verify in Figure 10 the PAA that 
removes less complex DNA probe from the beads 
surface was PAA 15000 (5%), removing around 50% of 
the initial complex DNA probe immobilized, followed 
by PAA 8000 (5%) that removed 70%. One way to 
avoid this large removal of complex DNA probe is by 
reducing the blocking step duration. For instance, 
performing a blocking step for 2 min, 50% of the 
complex DNA probe is maintained immobilized onto 
the beads for all the PAAs. Using a 2 min blocking step 
an immobilization assay was performed and the results 
are presented in Figure 11. 

 

From the Figure 11 it was possible to conclude that the 
best blocking agents were PAA 15000 (1%), PAA 
15000 (5%) and PAA 8000 (5%), blocking 84%, 75% 
and 68% of the probe DNA using as the final value the 
one from the PBS experiment (buffer used to perform 
the blocking step). Nevertheless, it was hypothesized 
that the PAA with longer chains (PAA 15000) would 
affect the hybridization reaction. To verify this 

Figure 8 – New optimized channel structure. The heights were 
maintained. For the larger channel it was used a 100 µm height 
and a 200 µm width. For the smaller channel it was used a 20 
µm height and a 100 µm width. 
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Figure 9 - Hybridization experiments. In blue a blocking step with 
4% BSA was performed. In green no blocking step was done. The 
error bars are the standard deviation of three repeated 
measurements. The dash lines fitting the data are a guide to the eye. 

Figure 10 - Blocking study. Mean fluorescence intensity here 
expressed as a ratio normalized to the initial fluorescence value of 
each experiment. The dash lines fitting the data are a guide to the 
eye.   

Figure 11 - Blocking study: Study of a 2 minutes blocking step. The 
dash lines fitting the data are a guide to the eye. 
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hypothesis and to chose the best blocking agent, 
hybridization assays were performed using the protocol 
described in the section Materials and Methods. The 
results are presented in Figure 12. 

 
From Figure 12 it was possible to conclude that for the 
three experiments with a blocking step, the 
hybridization ratio was improved when compared with 
the control. Which could mean that some of the 
nonspecific binding was prevented due to the blocking. 
When comparing the three blocking agents it was 
verified that the considered hypothesis about the MW 
should be right since PAA 8000 (5%) presented the 
higher c/ncDNA ratio and was the chosen blocking 
agent for the following experiments. 
 

Hybridization assays: Detection of several target 
concentrations – Fluorescence detection  
After having the protocol optimized, experiments with 
lower target concentrations were performed to 
determine the sensitivity of the system. Four target 
concentration were tested (1, 5, 10 and 100 nM) and the 
results are present in Figure 13. 

 

From Figure 13 it was possible to conclude that it was 
possible to distinguish target concentration of 100 and 
10 nM, between cDNA and ncDNA, but for 5 and 1 nM 
the signal was similar. The ratio cDNA/ncDNA is 

represented on the right Y-axis and for 5 and 1 nM the 
ratio is very close from 1, corroborating the last 
conclusion. The main problem was verified to be the 
basal fluorescence signal from the agarose beads. The 
beads autofluorescence is probably due to the agarose 
components, since it was already verified that in 
agarose gels, the agarose autofluorescence severely 
limits detection sensitivity. To avoid the 
autofluorescence problem different methods of 
detection were tested, namely chemiluminescence and 
colorimetry. 

Hybridization assays – Chemiluminescence detection  
Using the protocol described in the section Materials 
and Methods chemiluminescence hybridization assays 
were performed. Four target concentration were tested 
(1, 10, 100 and 1000 pM). The absolute mean blank 
value represents the range of the signal obtained when 
using a zero concentration blank solution (PBS). The 
signal for the blank experiments was sometimes higher 
than in experiments with a given concentration of target 
DNA. MOPSO was tested as buffer instead of PBS, 
since it was though that the reason behind the high 
blank values was the successive washing steps with 
PBS, that through salt effects were removing the 
blocking agents. This allowed the nonspecific 
adsorption of strept.-HRP, giving a signal higher than 
what it was expected. Although, the MOPSO allowed 
for a smaller blank value, using it as buffer did not 
allowed hybridization and no signal was detected. PBS 
was maintained as buffer. Figure 14 shows the 
c/ncDNA ratio for the experiments. 

 

 

 

Analysing Figure 14 it is possible to conclude that it 
was possible to clearly distinguish between the cDNA 
and ncDNA signal until 10 pM target concentration. 
The LoD, calculated using Equation 1 is 2.14, 
corresponding to a 10-11 M of target based on a sample 
volume of 20 µL. When comparing with hybridization 
performed in a bare channel, done in previous work, it 
was achieved a 100-fold increase in sensitivity.  

Figure 12 - Hybridization assay using three different blocking 
agents, PAA 8000 1% (dark blue), PAA 8000 5%(light blue) and 
PAA 15000 5% (green).  The dash lines fitting the data are a guide 
to the eye. 

c/ncDNA'(PAA'8000'(5%))'''

c/ncDNA'(PAA'15000'(5%))'''

c/ncDNA'(PAA'8000'(1%))'''

c/ncDNA'(control)'

Figure 14 - Hybridization assay using chemiluminescence as 
detection method. The results are expressed as a function of the 
c/nc ratio. The c/nc ratio is calculated by dividing the absolute 
fluorescence intensity of the complementary signal (c) by the 
background reference (nc). The error bars are the standard 
deviation of three repeated measurements. The dash line fitting the 
data is a guide to the eye. 
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Hybridization assays – Colorimetric detection  
Colorimetric detection was also tested and it was 
verified that this method is suitable for hybridization 
detection of target DNA. In this case it was not possible 
to detect 10pM but instead 100pM. 
 
Serum assays – Chemiluminescence detection  
 
To evaluate the applicability of the system to biological 
samples, the target molecules were diluted in FCS and 
HS. The target concentration used was fixed a t 100nM. 
It was also performed one assay using HS as dilution 
buffer on a bare channel for comparison. The results are 
presented in Figure 15.  
 

Analysing Figure 15 it was possible to see that using 
FCS the c/ncDNA ratio was in an expected range, with 
similar result to the assays performed using PBS. Using 
HS the ratio decreased to 1, meaning that it was not 
possible to distinguish between cDNA and ncDNA. 
Moreover, in Figure 16 it was possible to verify that the 
intensity of the signal in the channels where HS was 
used was very high. One possible reason is the presence 
of some molecules in HS that enhance the chemical 
reaction between strept.-HRP and the luminol. For the 
bare channel assay where HS was used the ratio was 
lower than 1. In this case the intensity of the signal was 
very low, meaning that the problem was the low 
resolution of the system since the signal was too low to 
be distinguishable. Nevertheless, these results are proof 
that the bead-based system can detect signal when using 
HS as dilution buffer. More studies are in need to 
optimize this detection.  
 
 

 

Conclusions and Future Work 
 
In this work a microfluidic bead-based system to detect 
DNA and RNA was developed. Q-Sepharose ® fast 
flow beads proved to be the best bead system for 
immobilization of DNA probes. Immobilization, 
blocking and hybridization protocols were optimized to 
decrease nonspecific binding and background signal.. 
Fluorescence, chemiluminescence and colorimetry 
detection methods were performed and showed to be 
adequate to detect DNA hybridization. An optimization 
of the flow rate and channel dimensions was performed 
resulting in a protocol where fewer reagents were used, 
maintaining or even enhancing the intensity of the 
signal for immobilization and hybridization 
experiments. It was found that a good blocking agent 
for Q-Sepharose ® fast flow beads are the PAA 
molecules, being the PAA 8000 (5%) the best blocking 
agent.Using a fluorescence detection method a DNA 
target concentration of 10 nM was detected and with 
ability to differentiate between cDNA and ncDNA. 
Using a chemiluminescence method a high sensitivity 
was reached and the system was able to detect as low as 
10pM with a LoD of 2.14 and a the LoB is 1.19. This 
represented a 100-fold improvement in sensitivity when 
compared with protocols using a bare channel. 
Colorimetric detection also allowed the distinction of 
cDNA from ncDNA but with a 100pM sensitivity, 
which makes the chemiluminescense method the 
preferred method of detection in this work. Finally, 
serum experiments of bovine and human origin were 
performed showing that the system can be used to 
detect DNA in biologic matrixes, where miRNA can be 
present. Nevertheless, more studies are needed to 
optimize the assay when using biological matrixes. 

Some of the challenges that this technology has to 
overcome are the sensitivity of the system, since the 
concentration of circulating miRNAs detected in human 
plasma is rather low (<10pM). Although this system is 
reaching the biological relevant concentrations [25] 
there is still a need to improve the sensitivity and the 
reproducibility of the system. One way to overcome this 
challenge is to associate a pre–concentration step using 

Figure 15 - Hybridization assays in PBS, FCS and Human serum 
using as detection method. The error bar in the PBS experiment 
represents the standard deviation of three repeated measurements. PBS
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Figure 16 - Experimental images obtained from the experiments 
with FCS and HS. The images were acquired in the end of the 
hybridization step. 
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for instance sensitive DNA isothermal amplification 
method that could allow reaching fM sensitivity’s. Also 
there are reports on a similar system using agarose 
beads functionalized at the surface with streptavidin 
molecules allowing the immobilization of biotinylated 
DNA probes due to the strong streptavidin-biotin 
affinity, which reported a LoD of 10-10M. It would be 
interesting to test these beads on this particular system 
with a similar protocol used in this work to see if a 
better result would be achieved. To bridge the gap 
between experimental status and the clinical biomedical 
applications, a detection technique using non-labelled 
target should be used. Mass sensitive techniques like 
surface plasmon resonance (SPR) sensors (sensitive to 
“optical mass”) are also extremely attractive as 
platforms for the biosensing nucleic acids since they are 
label free. The creation of a microfluidic multiplexing 
system, for parallel detection, could also have a lot of 
impact since for diagnostic application in CVDs a range 
of miRNAs is deregulated. To have a range of 
biomarkers tested allows for a more precise diagnostic.  
The association of the system with a smartphone-based 
optical detection is a potentially easy-to-use, handheld, 
true point-of-care diagnostic too. 
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