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Abstract

In this work, we present a luminescence platform that can be used as point of care system for determining the presence and
concentration of specific oligonucleotide sequences. This sensor exhibited a limit of detection as low as 50 fM by means of: i) the
use of single-stranded DNA (ssDNA) functionalized magnetic microparticles that captured and concentrated ssDNA-upconverting
nanoparticles (ssDNA-UCNPs) on a solid support, when the target sequence (miR-21-5p DNA-analogue) was in the sample, and
ii) a photoligation reaction that covalently linked the ssDNA-UCNPs and the ssDNA magnetic microparticles, allowing stringent
washes. The presented sensor showed a similar limit of detection when the assays were conducted in samples containing total
miRNA extracted from human serum, demonstrating its suitability for detecting small specific oligonucleotide sequences under
real-like conditions. The strategy of combining UCNPs, magnetic microparticles, and photoligation reaction provides new insight
into low-cost, rapid, and ultra-sensitive detection of oligonucleotide sequences.

Keywords: upconverting nanoparticles, magnetic microparticles, DNA detection, photoligation, magnetic capture, magnetic
concentration, biosensor

1. Introduction

Short non-coding oligonucleotide sequences such as miR-
NAs are considered as biomarkers for diagnosis and prognosis
of many different diseases such as cancer [1], neurodegener-
ative diseases [2], or viral infections [3, 4], just to mention a
few. The importance of detecting short non-coding oligonu-
cleotides lies in the fact that changes in the miRNA profiles
can become apparent before the disease manifests itself, and for
this reason they can be used in early diagnosis [5, 6]. Further-
more, variations in the concentration profile of different short
non-coding oligonucleotide sequences can be used to deter-
mine the evolution of the disease and can help to modify or
adopt new treatments [7, 8, 9]. However, the detection and
quantification of short non-coding oligonucleotide sequences
is not trivial and most of these analyses have to be carried
out by qRT-PCR or next-generation sequencing. These tech-
niques can be considered as the gold standard, however, they
require specialized laboratories equipped with expensive instru-
mentation that are handled by well-trained personnel. For these
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reasons, the development of alternative methods that could be
used as screening tools in the detection of short non-coding
oligonucleotide sequences could be a leap forward in the de-
velopment of DNA/RNA sensors suitable as effective and rapid
point of care (POC) diagnostics, which circumvent bottlenecks
related with enzymatic transcription and amplification meth-
ods, as well as their time-consuming and equipment-associated
costs [10, 11, 12].

Highly sensitive assays based on upconverting nanoparticles
for detecting the presence of tiny concentrations of biologi-
cal targets such as antigens, antibodies, oligonucleotides and
pathogens have been reported [13, 14, 15, 16]. This stunning
detection ability is related to the capacity of UCNPs to ab-
sorb low-energy photons in the near infrared (NIR) range and
emit higher-energy photons in the UV-Vis region in exchange.
This anti-Stokes emission is a unique optical phenomenon un-
observed in biological samples, allowing measurements free of
autofluorescence and with reduced scattered light [17, 18]. In
addition, the large anti-Stokes shifts, narrow emission bands,
the possibility to tune their emission, elevated photostability,
lack of photobleaching and photoblinking favor highly sensi-
tive assays [19, 20, 21]. In these biosensors, UCNPs conju-
gated to ssDNA probes, which are complementary to a partial
region of the target, act as specific reporters towards the pres-
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ence of the target sequence upon hybridization. Subsequently,
the target and the functionalized UCNPs can then be captured
on a solid support modified with an additional ssDNA, upon
its hybridization with the remaining region within the target se-
quence. Thus, the capture of target-ssDNA-UCNPs complexes
by the probe-functionalized solid support is proportional to the
target concentration present in the media [22, 23, 24].

An attractive solid support, for quick capture of target
biomolecules, are magnetic particles due to their high specific
surface area that favor a high local target concentration at their
surface [25, 26]. Additionally, their magnetic properties allow
them to be recovered, repeatedly washed, and concentrated into
small volumes to improve assay sensitivity [24, 27]. In fact,
the combination of ssDNA-functionalized magnetic particles
for selective recognition and concentration of ssDNA-UCNPs
used as luminescent reporters, has been tested for the sensitive
detection of circulating tumor cells [28], potential biomarkers
for Alzheimer’s disease diagnosis as Aβ oligomers [29], small
molecules as mycotoxin ochratoxin A [30], insecticides as ac-
etamiprid [31], glyco-biomarkers as carcinoembryonic anti-
gen [32], non amplified DNA detection [33, 34, 35, 36] as well
as in PCR amplified DNA detection [37]. In these assays, mag-
netic particles allow a highly efficient magnetic bio-separation
and concentration of the target, which makes it possible to de-
tect target concentrations around the pM range by measuring
the luminescence of UCNPs. One of the first examples of a nu-
cleic acid detection assay using DNA functionalized UCNPs as
reporter probes is the work by Wollenberger et al. The system
was developed for the detection of the target ssDNA molecules
M13mp18(+) at pM concentration (limit of detection (LOD)
c.a. 240-120 pM) [33].

A major factor limiting sensitivity of UCNPs assays that cap-
ture the analyte onto a solid support is the undesired lumi-
nescent signal generated by non-specifically adsorbed ssDNA-
UCNPs on the support surface, which worsens the signal-to-
background ratio (S/B ratio) and the LOD of the assays. In a re-
cent work, we have demonstrated how the use of a photochem-
ical ligation reaction can highly improve the LOD in UCNPs-
based assays using streptavidin-coated microwells [15]. This
is achieved by the photochemical formation of a covalent link
between the two ssDNA sequences that hybridize with the tar-
get sequences. This link stabilizes the DNA bridge between the
microwell and the UCNPs and allows to apply stringent wash-
ing to remove the non-specifically bound UCNPs, reducing the
background signal and improving the LOD and the resulting
sensitivity of the assay.

In this work we developed a cost-efficient and ultrasensi-
tive DNA sensor, whose portable assay setup was designed to
be quickly built using 3D-printing technologies. The work-
ing mechanism of the assay is based on the selective capture
of ssDNA-UCNPs by ssDNA-magnetic microparticles, when a
specific target sequence is present in the sample. For that, both
particles were functionalized each one with two types of ssDNA
sequences that are partially complementary with the target se-
quence, a DNA-analogue of microRNA miR-21-5p. Thus, in
the presence of target sequences, the ssDNA strands anchored
on the UCNPs and the magnetic microparticles hybridize with

these sequences, forming complexes that are simultaneously
magnetic and luminescent. Beside that, the hybridization brings
in close proximity and with a proper orientation the ssDNA an-
chored on both particles (see Fig. 1). This situation allows an
efficient photochemical ligation between these ssDNA strands,
upon irradiation with UV light. This reaction yields a covalent
linkage of the UCNPs to the magnetic microparticles, which
allows to apply harsh washings to the complexes that aim to
remove the non-specifically bound ssDNA-UCNPs before to
magnetically concentrate them on a solid surface, improving
the S/B ratio and the LOD of the assay. Furthermore, we eval-
uated the effect that the size of the UCNPs produces in the ana-
lytical properties of the sensor. The validity of the system was
checked in samples containing total microRNA extracts from
the serum of healthy patients, which were spiked-in with differ-
ent concentrations of miR-21-5p DNA-analogue. Finally, we
have theoretically reproduced the experimental response of our
sensor by means of the Hill-Lagmuir equation [38, 39] and the
effect of the non-specific binding, which provides an estimation
of the LOD.

2. Materials and methods

2.1. Chemicals

Ytterbium (III) chloride hexahydrate (99.9%), yttrium
(III) chloride hexahydrate (99.9%), erbium (III) chlo-
ride hexahydrate (99.9%), 1-octadecene (90%), oleic
acid (90%), sodium hydroxide (98%), ammonium fluo-
ride (99.9%), methanol (99.9%), n-hexane (95%), N-(3-
(dimethylamino)propyl)-N’-ethylcarbodiimide hydrochloride
(99%), N-hydroxysulfosuccinimide sodium salt (98%),
polyacrylic acid (PAA) (Mw∼2000; 50% wt in H2O), 2-
(N-morpholino)ethanesulfonic acid (MES) (99%), Tris HCl
(99%), bovine serum albumin (BSA) (96%), Tween 20
(BioXtra) (100%), Tween 40 (BioXtra) (90%), NaN3 (99.5%),
diethylenetriaminepentaacetic acid (DTPA) (98%), ethylene-
diaminetetraacetic acid (EDTA) (99%), and Sodium Chloride
(NaCl) (99.5%) were purchased from Sigma-Aldrich and used
as received. All chemicals were of analytical grade and were
used as received without further purification.

Superparamagnetic γ-Fe2O3 polystyrene microparticles were
purchased from Invitrogen (DynabeadsT M MyOne Streptavidin
T1, cat.no. 65601). Typical binding capacity for 1 mg of Dyn-
abeads is approximately 400 pmol of ss oligonucleotides (i.e.
around 25 × 104 ss oligonucleotides / magnetic bead). ssDNA
probe 1 was a biotin modified ssDNA sequence containing
a photoactivatable nucleotide (5-carboxyvinyl-2′-deoxyuridine,
or cvU) that was acquired from Bio-Synthesis Inc while probe
2 was a amino-modified ssDNA from Biomers.net GmbH. The
complementary target used was a DNA-analogue of miR-21-5p
from Biomers.net GmbH (see sequences in Table 1). Extrac-
tion of total miRNA from human serum was performed by us-
ing ‘miRNeasy Mini Kit” from Qiagen c©, and by following the
protocol provided within.
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Table 1: DNA sequences used in this work
Name Sequence
Biotin-modified photoactivatable probe for bioconjugation with streptavidin magnetic particles, probe 1 5′ [cvU] GAT AAG CTA [Biotin]-3′

Amino-modified probe for bioconjugation with UCNPs@PAA, probe 2 5′ NH2-C(6)-TCA ACA TCA GTC -3′

miR-21-5p DNA-analogue, Target 5′-TAG CTT ATC AGA CTG ATG TTG A-3′

2.2. 3D printing of magnetic rack and magnetic array car-
tridge

The rack for magnetic separation of the magnetic beads and
the cartridge containing a magnetic array for magnetic concen-
tration of magnetic beads in a solid support were printed by
using a Legio 3D printer (Leon3D). The printing dimensions
(XYZ) are 200 x 200 x 200 mm, the maximum resolution (print-
ing nozzle 0.4 mm) was given by a minimum layer width of
0.05 mm, and the printing speed can be chosen between 90-
250 mm/s. This model was equipped with thermistors EPCOS
100K, and a heated bed. The extruder was a “HotEnd” type All-
metal LeoNozzle V2, with a ceramic cartridge of 12V / 40W.
The filament diameter was 1.75 mm and the heating time was
approximately 2 min. For further details regarding the print-
ing parameters, the 3D software used to modify and to do the
slicing of the models, and for downloading the STL files ready
available for printing the setup used in this work, see Support-
ing information S1 and S2.

2.3. Mag Probe: functionalization of magnetic microparticle
with ssDNA photoactivatable probe

The preliminary washes of DynabeadsT M magnetic mi-
croparticles, as well as during their process of functionaliza-
tion with Probe 1 to form the Mag Probes, and later on dur-
ing the detection assays, were performed by using a 3D-printed
home-made magnetic rack (see Section S1 on Supplementary
Information). This allowed the magnetic recovery of the mag-
netic microparticles, by magnetically concentrating them at the
lateral wall of the eppendorfs (see Fig. S1). The magnetic mi-
croparticles preliminary washes were done as follows: First, 10
µL of DynabeadsT M T1 (10 mg/mL) were added to 90 µL of
Milli-Q H2O to have a final volume of 100 µL. After this, 5
washes were performed with 100 µL of the Binding & Washing
buffer 2x [B&W buffer 2x: 10 mM Tris-HCl, 1 mM of EDTA,
2 M of NaCl and 0.1% of Tween 20 (pH adjusted to 7.5)] pro-
vided with the beads by using the magnetic rack. The pellet
was finally resuspended in 50 µL of B&W buffer 2x (here-
inafter DB50). Then, the photoactivatable Probe 1 was immo-
bilized on the DynabeadsT M surface as follows: 4 µL of a 10
µM Probe 1 stock solution were taken and added to 96 µL of
sterile ddH2O. Secondly, 50 µL of B&W buffer 2x were added
to DB50. Then, both solutions were mixed to have a final vol-
ume of 200 µL. The mixture was incubated for 15 min at RT.
After that, Mag Probes (that has just been formed) were recov-
ered with the magnetic rack during 5 minutes. The supernatant
was carefully removed, and the pellet was resuspended in 100
µL of B&W buffer 1x. The process was repeated 3 times. At
the end, the pellet was resuspended in 50 µL of assay buffer [50
mM of Tris HCl, 0.5% of BSA, 0.01% of Tween 40, 0.5% of

Figure 1: (A-B) Mag Probes are 1 µm streptavidin magnetic beads bound to a
photoactivatable and biotinylated ssDNA probe 1. (C-D) UC Probes are UC-
NPs@PAA functionalized with the ssDNA probe 2. (E) miRNA target is cap-
tured with the UC Probe and the Mag Probe. (F) UV irradiation to photoligate
the ssDNA strands from the Mag Probe and the UC Probe that were hybridized
with the target.
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NaN3 and 20 µM of DTPA (pH adjusted to 7.75), 0.5 M NaCl]
(see Mag Probe in Fig. 1 (A-B)).

2.4. Synthesis of NaY0.78F4:Yb0.2,Er0.02 nanoparticles

NaY0.78F4:Yb0.2,Er0.02 UCNPs were synthesized using the
thermal coprecipitation method. [40] 236 mg of YCl3·6H2O,
78 mg of YbCl3·6H2O, 7.8 mg of ErCl3·6H2O, 15 mL of 1-
octadecene, and 6 mL of oleic acid were placed in a 100 mL
three necked round-bottom flask. The solution was heated to
140oC under moderate stirring and nitrogen atmosphere until
all solids were dissolved. Then, the solution was cooled to
room temperature (RT) and 10 mL of CH3OH solution contain-
ing 110 mg of NaOH and 157 mg of NH4F were added drop-
wise under vigorous magnetic stirring. The mixture was stirred
for 15 min, then heated to 80oC for 20 min under a nitrogen
flow, and finally at 80oC for 10 min under vacuum to remove
H2O/CH3OH traces. The flask was then heated to 320oC at
a heating rate of 20oC/min under a nitrogen atmosphere. The
final temperature of 320oC was maintained for 45 minutes. Fi-
nally, the solution was cooled to RT and split into 4 tubes. Then,
4 mL of CH3OH were added to each one, shaken, and let the
two resulting phases to separate. After this, the methanol phase
was removed, and the process was repeated twice more. Then,
the remaining oily phase was centrifuged at 7269 g for 10 min,
the supernatant was removed, and the resulting pellets were
rinsed with 2 mL of ethanol, without dispersing them. This last
process was repeated one more time. Finally, the pellets were
let to dry for 2 min at RT, dispersed in 2.5 mL of n-hexane, and
stored together in a glass vial for further use. The procedure to
obtain bigger nanoparticles of NaY0.78F4:Yb0.2,Er0.02 was ex-
actly the same, except for that the CH3OH solution containing
the 110 mg NaOH and 157 mg NH4F was aged for a week be-
fore its use.

2.5. Preparation of UCNP@PAA

A small n-hexane aliquot, containing 5 mg of UCNPs, was
taken and centrifuged at 14000 g for 20 minutes. The super-
natant was discarded and the resulting pellet was dried in order
to remove the remaining solvent traces. The pellet was resus-
pended in 1 mL of HCl 0.1 M by ultrasonication (10 minutes)
and stirred for 5 hours using an orbital shaker. Then, the sample
was centrifuged again at 21000 g for 20 minutes. The resulting
pellet was resuspended in 1 mL of Milli-Q H2O and centrifuged
at 21000 g for 20 minutes. The supernatant was removed and
1 mL of polyacrylic acid (PAA) 2.5% wt solution (pH=9) was
added. The pellet was resuspended by sonication and stirred
overnight at RT with an orbital shaker. After that, the solution
was centrifuged at 21000 g for 20 minutes and the pellet was
redispersed in 1 mL of deionized water; this process was re-
peated once. Then, the resulting pellet was redispersed in 0.5
mL of 2-(N-morpholino)ethanesulfonic acid (i.e. MES) buffer
(pH = 6.1), centrifuged at 21000 g for 20 minutes, and finally
resuspended in 0.25 mL of MES buffer 20 mM and stored at
4oC.

2.6. UC Probe: oligonucleotide conjugation protocol to
UCNP@PAA

2.5 mg of UCNP@PAA were redispersed by sonication in
230 µL of MES 20 mM (pH=6.5). After that, 10 µL of ss-
DNA (Probe 2) (5 nmol) were added to the solution. Then,
5 µL of EDC-HCl (1 M in MES buffer; 1.99 mg in 10 µL)
and 5 µL of N-hydroxysulfosuccinimide (sulfo-NHS) (3 M in
MES buffer; 3.39 mg in 10 µL) were added and vortexed for
3 minutes. The final mix was incubated for 2.5 hours under
slow stirring at RT. The EDC/sulfo-NHS coupling reaction was
quenched by the addition of 6.25 µL of Glycine (2 M, pH=11),
vortexed and then incubated for 30 minutes. The resulting UC-
NPs@PAA@ssDNA were centrifuged at 21000 g for 10 min-
utes, redispersed in 500 µL of buffer [10 mM of Tris HCl and
0.1% of Tween 20 (pH=8.5)] and centrifuged again at 21000 g
for 10 minutes. This step is repeated one more time. Finally,
the conjugated UCNPs were redispersed in 244 µL of buffer [5
mM of Tris HCl, 0.2% of Tween 20, 50 µM of EDTA and 0.05%
of NaN3] and 6.25 µL of BSA (20% wt) were added (see UC
Probe in Fig. 1 (C-D)).

Figure 2: Procedure to develop an assay for oligonucleotide detection on a solid
support.
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2.7. Assay protocol for the detection of miR-21-5p
Serial dilution of miR-21-5p DNA target (see procedure in

Fig. 2): 6 different eppendorf tubes were filled-up with 50 µL
of assay buffer. Then, 5.5 µL of the target (miR-21-5p) at 10 nM
were added to the first eppendorf tube C1, and the solution was
vigorously shaken. In the next steps, 5.5 µL were taken from the
last dilution of target prepared up to that point (e.g. C1 in this
case) and added to the next eppendorf (e.g. C2) and shaken,
in order to continue the 10x serial dilution. This process was
repeated until all serial dilutions were completed. In the last
dilution (i.e. C5) 5.5 µL of the resulting solution were discarded
to maintain the same volume as in previous eppendorfs. The
6th eppendorf (C0) contains only 50 µL of buffer (i.e. without
target sequence), to be used as negative control. The resulting
eppendorf tubes were named as follows: C1 (500 pM), C2 (50
pM), C3 (5 pM), C4 (0.5 pM), C5 (0.05 pM), and C0 (no target).

After that, a mix was prepared by mixing 35 µL of UC Probe
at 100 µg/mL, 30 µL of Mag Probe at 2 mg/mL and 385 µL
of assay buffer (hereafter referred as MIX). Then, 50 µL of the
MIX were added to each of the previously prepared 6 eppendorf
tubes. At this point, each eppendorf contains 3.8 µg/mL of UC
Probe and 65 µg/mL of Mag Probe in a final volume of 100
µL. That means a molar concentration of 4.8 pM for UC Probes
(estimated using the molecular weight of the hexagonal UCNPs
[41]) and 0.1 pM for Mag Probes (from its nominal value), i.e.,
a ratio of 48 UC Probes per Mag Probe which roughly covers
the surface of the Mag Probe. The six eppendorf tubes were
incubated for 2 hours. After the incubation, 3 cycles of wash
with 100 µL of assay buffer were performed using the magnetic
separation rack (5 minutes). This served to recover by magnetic
separation the UC Probes that had been specifically captured to
the surface of the Mag Probe by means of hybridization with the
target sequence (see complexes in Fig. 1 (E)), while removing
the ones that had not hybridized and were still in solution.

Once the complexes were concentrated in the form of a pel-
let at the eppendorf wall, the supernatant was removed and the
pellet resuspended in 100 µL of assay buffer. This process was
repeated 3 times. Each eppendorf was placed for 10 minutes in
the magnetic rack to concentrate the magnetic particles at the
eppendorf wall. After the last wash, the pellet was resuspended
in 25 µL of assay buffer and homogenized.

2.8. DNA detection procedure on a solid support
At least three different 5 µL drops (replicas) from each of the

6 eppendorfs were deposited onto a microscope glass coverslip,
which was previously placed on a home-made 3D-printed car-
tridge containing an array of small neodymium magnets of 2
mm in diameter (see details in Section S2 of Supplementary
Information). The position of each of the drops placed at the
coverslip corresponded to the position of a small magnet be-
hind, which served to concentrate the Mag Probe-complexes
formed during the assay, upon hybridization of the probes with
the target, into a small spot. These magnets enable the pellet
to concentrate in a 2mm-diameter area around the center of the
drop (drop diameter ' 4 mm), allowing the amplification of the
luminescent signal (i.e. more luminescence per area) and sim-
plifying the acquisition of representative measurements from

the samples (i.e. the luminescence produced by the whole spot
is read with just a few measurements).

2.9. DNA photochemical ligation to Mag Probe procedure

To improve the LOD of the assay, we proceeded to pho-
toligate the ssDNA strands from the Mag Probe and the UC
Probe, which were hold facing each other upon hibridization
with the target. The target sequence brings in close proxim-
ity the UC Probe and the photoactivatable Mag Probe upon hy-
bridization. Under this scenario, the cytosine at the 3′ end in UC
Probe faces the photoactivatable nucleotide 5-carboxyvinyl-2′-
deoxyuridine (cvU), located at the 5′ end in Mag Probe. At
this point, the spatial conformation and close proximity allows
the selective photochemical ligation reaction between both nu-
cleotides upon UV irradiation (see Fig. 1 (F)). In this regard,
previous works have demonstrated that no photoligation occurs
in the absence of target template, highlighting to which extent
these photochemical reactions are clean and highly selective to
the presence of the target [42, 43, 44]. A 2.7 W LED (Engin
LZ1-00UV00 365 nm) with emission centered at 365 nm was
used as UV light source to trigger the photochemical ligation
reaction. After the incubation time, we used a custom-made
adapter to fix the UV LED on top of the uncapped eppendorf
tubes for direct irradiation, during 5 min, of the samples con-
tained within (more details in Section S3 of Supplementary In-
formation). During the photoligation process the tubes were
refrigerated at 10oC. This photoligation step allowed the use of
more stringent washes in order to remove the UC Probes non-
specifically bound to Mag Probes, due to the target-specific for-
mation of a strong covalent union between both probes. For this
reason, in this case it was possible to perform three washing
steps with 400 µL of assay buffer, without negatively affecting
the signal to background ratio. The cleaned pellets were dis-
persed in a final volume of 25 µL of assay buffer, homogenized,
and several replicas deposited on the glass support for magnetic
concentration and later luminescence measurement.

2.10. Detection assay in total miRNA extract from human
serum

Total miRNA was extracted from 500 uL of human serum
from healthy patients using miRNAeasy Mini Kit protocol from
Qiagen c©. A total amount of 2.7 µg of miRNA was extracted
using this process. After the extraction, the miRNA was diluted
to 285 µL of assay buffer (9.5 ng/µL of miRNA) to act as a pool
of background miRNA. The resulting dilution was splitted into
5 different eppendorfs. An additional eppendorf was prepared
containing only assay buffer (eppendorf 6th). Then, 4 out of the
5 eppendorf containing total miRNA extract were doped with
different concentration of the miR-21-5p DNA-analogue target
sequence, as in previous experiments. Then, 50 µL of the MIX
(at the same concentration as used in the previous experiments)
were added to each one of the 6 eppendorf tubes. Here, the ep-
pendorf 6th, containing only assay buffer (without total miRNA
extract) and UC Probe + Mag Probe mixture, served as an addi-
tional negative control (no target spiked-in). It allowed us to es-
timate the possible contribution that the endogenous miR-21-5p
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naturally present in human serum may have in the luminescent
signal of negative control doped with total miRNA extract (ep-
pendorf 5th) due to hybridization of UC Probe and Mag Probe.

2.11. Morphological characterization

Electron microscopy images were acquired in transmission
mode (TEM) using a JEM 1010 microscope (JEOL, Japan)
working at 80 kV and equipped with a Gatan (USA) digital
camera (model 782).

2.12. Z-potential measurements

All Z-potential experiments were performed using a Malvern
Nano-ZS instrument (Malvern Instruments, United Kingdom).
Before the Z-potential measurements, the samples were freshly
prepared by diluting them to a final concentration of ca. 50
µg/mL. All measurements were obtained at 25oC by using the
automatic mode (10 minimum runs – 100 maximum runs), an
equilibration time of 120 seconds, and the Smoluchowski fit
model. A minimum of 3 independent measurements were per-
formed for each sample.

2.13. Optical characterization

The emission of the UCNPs was measured with an upcon-
version fluorescence home-built system (see details in Fig. S4
of Supplementary Information). The excitation laser beam
comes from a pigtailed 10 W CW laser (JDSU, L4-9897603)
operating at 976 nm and provided with a current and tem-
perature controller (ILX Lightwave, LDX-36025-12 and LDT-
5525B, respectively). The laser beam was transmitted through
a long-pass dichroic filter (Semrock, FF757-Di01), and then
focused on the sample with a 10X objective. The upconver-
sion luminescence coming from the sample was reflected by
the dichroic mirror towards two short-pass filters, which block
the IR reflected radiation (Semrock, FF01-775/SP, and Thorlabs
FESH0750). Then, the beam was focused into an optical fiber
connected to a monochromator (Horiba Jobin Yvon, iHR320).
The monochromator was equipped with a photomultiplier tube
(Hamamatsu, R928) and used a 1800 gr/mm grating blazed at
500 nm. In order to characterize the laser power density at the
sample, we measured the laser power with a thermal sensor
power meter (Thorlabs, S310C) and the beam size (FWHM)
using the slit scan technique [45] being the beam size around
300 µm. In our measurements, we used an excitation laser
power density on the sample between 0.4 and 1.3 kW/cm2. This
allowed us to ensure that the laser operated below the excitation
saturation power density of the transition 2F7/2 →

2F5/2 of the
Yb3+ ions (see Fig. S5 on Supplementary Information), which
is Isat = ~ω/(2σYτY ) = 3 kW/cm2, where τY=2 ms is the ex-
cited level lifetime, σY = 1.7 × 10−20 cm2 is the absorption
cross-section, and ~ω the transition energy (resonant with the
excitation laser wavelength at 976 nm).

Upconversion luminescence spectra of the target captured by
the Mag Probe and the UC Probe were measured as follows:
consecutive spectra were collected at different spots within the
center of the same dried drop. An optical alignment system
(composed by a lens, NIR neutral density filters and a CCD

camera) was used to adjust the measuring spot at different posi-
tions within the pellet (see details in Fig. S4 of Supplementary
Information). Three different drops were analyzed for each tar-
get concentration. Then, we computed the average intensity of
the integrated area of the spectra within the red emission band
which corresponds to the transition 4F9/2 →

4I15/2 of the Er3+

ions (see Fig. S5 on Supplementary Information), and we took
the maximum deviation as the error.

3. Results and Discussion

We synthesized oleate-capped NaY0.78F4:Yb0.2,Er0.02
nanoparticles of two different sizes using the thermal co-
precipitation method. TEM images show highly monodisperse
spherical UCNPs with an average diameter of 35±2 nm and
hexagonal prism shaped UCNPs with an equivalent spherical
diameter of 81±5 nm (see dimensions in Fig. 3). Then, we
coated the UCNPs with PAA through ligand exchange. After
PAA modification, the nanoparticles became water-dispersible,
showing good colloidal stability due to their surface negative
charges (ζ-potential of - 21 mV). This is indicative of PAA’s
carboxylic acid deprotonation, confirming the presence of
the -COOH groups from PAA at the surface of the UCNPs
(Fig. 1C). Then, probe 2 (ssDNA-NH2) was grafted to the
surface of UCNPs@PAA by means of the EDC/Sulfo-NHS
coupling reaction between the amino group of probe 2 and the
carboxylic groups of UCNPs@PAA, resulting in UC Probe,
UCNPs@PAA@ssDNA (Fig. 1D).

Figure 3: TEM images of highly monodisperse β-phase synthesized
NaYF4;Yb,Er nanoparticles. (A) Spherical UCNPs with average diameter of
35±2 nm. (B) Hexagonal UCNPs with average side length of 44±3 nm and
height of 55±3 nm. Insets show the particle size histograms.

To prepare the Mag Probes, a photoactivatable and biotiny-
lated DNA probe, probe 1, was immobilized onto the surface of
streptavidin-coated superparamagnetic beads (DynabeadsT M , 1
micron in diameter), by taking advantage of the high affinity
between biotin and streptavidin (Fig. 1B). Once both probes
have been prepared, UC Probes at 3.8 µg/mL and Mag Probes
at 65 µg/mL (with a theoretical concentration of Probe 1 at-
tached to the DynabeadsT M by biotin-streptavidin interaction of
25 nM) were incubated at different concentrations of the miR-
21-5p target (from 0.05 pM to 500 pM, and 0 target concen-
tration as negative control) in assay buffer (final volume 100
µL) for 2 h to ensure that the hybridization equilibrium was
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achieved (see procedure in Fig. 2). We tested that larger incu-
bation times lead to similar results. After that, three washes
with 100 µL of assay buffer during 5 minutes were performed
with the help of a 3D-printed home-made magnetic rack in or-
der to remove the non-specifically bound UC Probes from the
Mag Probes. Then, 5 µL drops were deposited on a glass cov-
erslip placing the home-made 3D-printed cartridge underneath,
which contained an array of magnets. This ensures the con-
centration of the hybridized complexes into a small spot at the
bottom of each deposited drop for their subsequent measure-
ment. The re-design of the 3D-models printed and presented in
here (i.e. magnetic rack and cartridge) allowed us to miniaturize
the setup, extend it on demand, or adjust it almost immediately
and at an affordable price. This permitted us to test and quickly
reach optimal specifications of the models to successfully im-
prove the performance of the sensor, as we did in the case of
the 3D-printed cartridge containing the magnetic array.

Figure 4: (A) Red upconversion luminescence spectra for samples with 35 nm
UC Probes generated by different target concentrations when excited with 1.3
kW/cm2 976 nm laser. Black curve corresponds to zero target concentration
so accounts for the luminescence signal coming from non-specifically bound
UC Probes (background signal). The inset shows the highest considered target
concentrations. (B) Sensor calibration curve: Integrated intensity of the red
emission band (left axis) versus target concentration for the UC Probes with
35 nm in diameter (blue circles) and 81 nm (red circles) at an excitation power
density of 1.3 kW/cm2 and 0.4 kW/cm2, respectively. Error bars are the maxi-
mum deviation obtained from measurements at different positions on each pel-
let out of two or more independent pellets for each target concentration. Blue
(red) solid horizontal line indicates the control luminescence of the zero target
sample, while blue (red) dashed horizontal line indicates the LOD (defined as
background signal + 3 × SD). (Inset) Linear fit ranging between 5 pM and 500
pM. (Right axis) Black line corresponds to the theoretical captured fraction of
UCNPs versus the total target obtained from Eqs. 2 and 4.

To analyze the performance of the sensor, we measured the
luminescence spectra of the UC Probes that were captured and

concentrated by Mag Probes upon hybridization with different
target concentrations. As an example, Fig. 4A shows the red up-
conversion luminescence spectra upon 976 nm excitation (1.3
kW /cm2) from the captured 35 nm UC Probes. It is evident
how the intensity of the spectra gradually increases above 0.5
pM, encompassing the increase of target concentration present
within each sample. The presence of a higher amount of tar-
get sequences yields a higher number of UCNPs captured by
the Mag Probes during the assay, which corresponded with a
more intense luminescence signal after reading the magneti-
cally concentrated pellets on the glass substrates. However, for
a target concentration around 0.05 pM, the spectrum remains
unresolved when compared with the one of the negative con-
trol sample (see green and black lines in Fig. 4A). Still, the
sensor detects down to 0.5 pM of target sequence, demonstrat-
ing a relatively high sensitivity. In this regard, we found out
that the magnetic concentration of the complexes after the de-
position of the drops on the glass coverslip is an essential point
allowing to detect luminescence signals for low target concen-
trations. In fact, in order to detect these very low levels of tar-
get, it is necessary to meet a proper compromise between the
number of Mag Probes present in the drops, and the diame-
ter of the magnets used in the array to form the pellets. Quite
interestingly we found that both, the target detection without
the magnetic concentration step of Mag Probes, or concentrat-
ing them into a very small area, were detrimental to detect the
luminescence of small quantities of UCNPs. This can be ex-
plained by the reduced luminescent signal / per unit area when
magnetic concentration is absent, and by a large variation of the
spatial distribution of Mag Probes when magnets are too small,
which hampers the detection of UC Probe luminescence. Af-
ter trying different approaches and building arrays with several
magnet diameters, we found out that 25 nM Mag Probe and a
cartridge containing an array of 2 mm magnets allowed us to
obtain an uniform Mag Probe spatial distribution (see Fig. S4
on Supporting Information) and the aforementioned sensitivity
(around 0.5 pM). In order to test the stability of the samples, we
measured again some of the samples after a long period (close
to a month), without finding any sign of degradation.

Figure 4B shows the sensor calibration curve, where the in-
tegrated intensity of the UC Probes’ red emission is depicted
versus the target concentration. In this graph, the calibration
curve for 35 nm UCNPs used as UC Probes (blues symbols) is
compared with that obtained with the 81 nm UCNPs (red sym-
bols), under 1.3 and 0.4 kW/cm2 excitation power densities, re-
spectively. Interestingly, a similar dependence with target con-
centration is found for both UCNPs sizes, whereas larger exci-
tation power densities are required for the smaller UC probes
to be detected with similar luminescence signals. Very large
nanoparticles (e.g. above 100 nm) have been reported to be
detrimental as assay reporters, due to steric restrictions that can
hamper the interaction between the UCNP reporter and the tar-
get, specially when hybridized with the solid phase (i.e. mag-
netic beads in our case), or by reducing the dynamic range of
the sensor at high target concentrations, due to limited UCNP
packing and steric restrictions / repulsive forces [46, 47]. Nev-
ertheless, in comparison with small nanoparticles, the use of
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moderately large sizes (i.e. smaller than 100 nm or 60 nm
in diameter in some cases) seems to be accompanied with an
improvement of assay performance, as the previous effects are
not predominant yet. This is due to a combination of different
factors such as i) allowing a higher number and stronger spe-
cific interactions with the target captured by the solid phase (i.e.
magnetic beads), as bigger sizes will have larger surface areas
and will contain more DNA probes at their surface, ii) a reduc-
tion of the assay background signal, as larger sizes will imply
a reduction of the number of reporters if assuming a constant
mass of NPs, and iii) a better detectability, as larger nanopar-
ticles will provide a higher luminescence per target hybridiza-
tion event [46, 47]. The latter effect is especially relevant in
our case, taking into account the steep increase of the UCNPs’
quantum yield as a function of their size (from 0.005% to 0.3%
for 10 nm and 100 nm sizes, respectively) [48]. In fact, we
found that using 81 nm UCNPs for this system is highly desir-
able, as it allows us to reduce more than 3 times the excitation
power density required to reveal the luminescence of the assays,
while maintaining similar assay performances. This allows the
use of a less powerful, cheaper, and more portable excitation
source, while lowers the risk of possible sample damage due to
long term exposition at higher power densities. For this reason,
we chose the 81 nm UC Probes as the luminescent reporters in
all following experiments. We also plotted in Fig 4B (dashed
line) the minimum intensity value above which a target concen-
tration is reliably detected, i.e. LOD, which is defined as the lu-
minescence from the negative control (solid line) plus 3-fold its
standard deviation. Therefore, the lowest target concentration
detected corresponds to 0.5 pM. The inset in Fig. 4B shows that
a linear trend of the log-log plot calibration curve with slope
1.5 is obtained in the range of detection above 5 pM, extending
within a range of more than two orders of magnitude. The slope
value of 1.5 means that a relative change in target concentration
of 10% leads to a relative variation in luminescence intensity
around 15%. This slope gives a relative sensitivity of 30% / pM
for a target concentration of 5 pM which is higher than the rel-
ative sensitivity values obtained in similar streptavidin coated
solid support detection systems [24]. This relatively high sen-
sitivity is very desirable for the early diagnosis of diseases by
means of miRNA quantification. In fact, it implies that a rela-
tively small change in miRNA concentration, such as those that
occur in the expression levels of specific miRNAs in cancer pa-
tients compared with healthy ones, will have a relatively strong
impact on the resulting luminescence signal, favoring the de-
tection of this variation. The extrapolation of the linear trend
to the LOD (dashed line in Fig. 4B) gives us an estimation for
the lowest limit of target concentration that follows this linear
trend, which is 0.9 pM for the 35 nm UC Probes and 1.2 pM for
the 81 nm UC Probes.

The LOD achieved in the experiments (0.5 pM) is still around
5-times over the miR-21-5p concentrations reported by some
authors for breast cancer patients (89-102 fM)[49]. Then, to
further improve the LOD of the sensor, we proceeded to photo-
ligate the ssDNA strands of the Mag Probes and the UC Probes
that are held face to face upon hybridization with the target.
This procedure stabilizes covalently the complex between the

UCNP and the Mag Probes and permits performing a more
stringent cleaning procedure to reduce the number of those UC
Probes that have non-specifically bound to Mag Probes. Thus,
after the photoligation was triggered by irradiating the sam-
ples with UV light (640 mW/cm2, 5 min), the samples were
washed with larger buffer volumes (400 µL instead of 100 µL),
for longer times (10 minutes instead of 5 minutes) and collected
using magnetic separation. To analyze the impact of the pho-
toligation process in the target detection, we measured the lu-
minescence spectra for samples with a target concentration of
0.05 pM and 0.5 pM together with the negative control sample.
As shown in Fig. 5, larger luminescence signals than the ones
obtained from the negative control (zero target concentration,
black line in Fig. 5A) can be obtained for target concentrations
as low as 0.05 pM thanks to the photoligation process. Figure
5B shows the integrated fluorescence intensity of the samples
used in Fig. 5A at two different excitation power densities 0.4
and 1.3 kW/cm2. The LOD achieved for both excitation power
densities is shown in dashed lines in Fig. 5B, being in both cases
below the signals corresponding to the lowest target concentra-
tion used (0.05 pM). This implies a LOD improvement of more
than 10-fold by simply adding a quick (5 min) photoligation
step.

Figure 5: LOD improves after photoligation. (A) Red upconversion lumines-
cence spectra for samples with 81 nm UCNPs and target sequences at very low
concentrations excited with 1.3 kW/cm2 976 nm laser. Black curve corresponds
to zero target concentration so accounts for non-specific binding. (B) Integrated
intensity in the red emission band versus target concentration for different ex-
citation power densities: 0.4 kW/cm2 (brown) and 1.3 kW/cm2 (green). After
photoligation, four washes with 400 µL of KGB 1x every 10 minutes were
done to reduce unspecific binding. Error bars correspond to SD. Brown and
green dashed lines show the LOD for 0.4 kW/cm2 and 1.3 kW/cm2 excitation
power densities, respectively.
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Figure 6: Detection curve in total miRNA extracts from healthy human serum
by using the photoligation step. (Left axis) Integrated intensity in the red emis-
sion band versus target concentration for the UC Probes with diameter 81 nm
at excitation power density 0.9 kW/cm2. Error bars are the maximum devia-
tion obtained from measurements at different positions on each spot out of two
independent samples for each target concentration. Linear fit is also shown.
Solid horizontal lines indicate the luminescence of the zero target sample, while
dashed horizontal lines indicate the LOD for the cases with (blue) and without
(red) the miRNA extracts from human serum. (Right axis) Black line corre-
sponds to the theoretical captured fraction of UCNPs versus the total target
obtained from Eqs. 2 and 4.

3.1. Target detection in total miRNA extracts from human
serum

Given the improvement in the LOD of the sensor due to
the photoligation step, we further tested the potential appli-
cability of the presented strategy in more realistic conditions.
To do this, we studied the response of the sensor by detect-
ing different concentrations of target in the presence of total
miRNA extracts from human serum (used as a pool of back-
ground miRNA), which were added to the buffer solutions con-
taining the different target concentrations aimed to be detected.
Thus, an amount of 2.7 µg of total miRNA extract was added
(see Methods section for further details). Finally, the MIX con-
taining UC Probe and Mag Probe was added to the eppendorf,
as in previous experiments. We measured the luminescence for
the different target concentrations following the same procedure
and experimental conditions that yielded the results presented
in Fig. 5 (2h incubation, photoligation, and stringent washes
with 400 µL assay buffer). Results in Fig. 6 show that the main
features found in the previous experiments remain. The cali-
bration curve showed a linear trend in the log-log plot with a
slope of 1.6 and a limit of detection below 0.05 pM. These re-
sults are practically identical to the one obtained in the same
experiments carried out in buffers and demonstrate the negligi-
ble influence of the presence of the miRNA pool on the sen-
sor response. Thus, the proposed sensor demonstrates potential
for the direct detection of minute amounts of specific oligonu-
cleotide sequences even in the presence of real miRNA pools
extracted from the serum of healthy human patients. In this
experiment, we exceptionally included two different controls:
one negative control (blue dashed line) containing total miRNA
extracted from serum, but lacking synthetic target sequence,
which accounts for both the effect on the background signal
coming from the possible hybridization with specific sequences
from the miRNA pool (e.g. the endogenous miR-21-5p se-

quence naturally present in healthy patients) and also from the
non-specific binding of UC Probes to Mag Probes; and another
negative control, lacking both the miRNA pool and the syn-
thetic target, which accounts only for the signal coming from
the non-specific binding during the assay (see red dashed line).
Using these two controls help us to identify a variation of the
background signal upon addition of the miRNA extracts from
human serum, and to roughly quantify this variation, which can
led us to identify its origin. Thus, when comparing both back-
ground signals, it is possible to notice how it increases upon
addition of the miRNA pool from human serum. Interestingly,
when quantifying this increment in the background signal, we
found out that it was close to the signal produced by a con-
centration of target sequence of around 50 fM. It is notewor-
thy that similar concentration values for miR-21-5p extracted
from healthy patients (around 30 fM) have been previously re-
ported by other authors [49]. This result could indicate that our
sensor is detecting the miR-21-5p concentration that is natu-
rally present on a serum sample extracted from a healthy pa-
tient. Although this result should be taken with caution, it is
encouraging given the potential possibilities offered by afford-
able detection platforms like the one presented here, which can
be built where and when needed by 3D-printing technologies.
Additionally, it is important to highlight that the lowest concen-
tration that is able to be distinguished in these conditions (i.e.
around 50 fM), is in any case below the miR-21-5p concentra-
tions present in the serum of breast cancer patients as reported
elsewhere [50, 49]. This implies that the increased miR-21-5p
serum concentration present in these patients (89 - 102 fM) may
be easily distinguished with the proposed sensor. As a final re-
mark, when compared with similar detection platforms reported
in literature based on UCNPs and magnetic beads, this strategy
permits a sensitivity 5-fold greater than those reported in lit-
erature [33, 30, 34, 32, 31]. More specifically, to the best of
our knowledge it represents a more than 400-fold improvement
when compared with reports that aim to detect DNA sequences
as the target analyte [33, 34, 35, 36]. The ultrasensitivity of the
proposed sensor can be explained by the reduction in the non-
specific binding of the UC Probe reporter to the solid support, as
this is directly responsible for the background signal intensity,
due to the lack of autofluorescence provided in biological media
by the UCNPs’ anti-stokes emissions. The reduction of non-
specific binding is achieved in our strategy thanks to the com-
position of the assay buffer (i.e. high concentration of bovine
serum albumin (BSA) and surfactant), combined with the use of
a photoligation strategy that allows repeated and more stringent
washes. In order to give a more comprehensive picture of why
non-specific binding of the reporter is a major factor limiting
ultrasensitivity in this kind of sensors, a theoretical estimation
of its impact on the assay experimental response is presented
next.

3.2. Estimation of sensor response based on equilibrium ligand
binding assays: The importance of non-specific binding on
sensor’s sensitivity

We theoretically reproduced the experimental response of
our oligonucleotide sensor by using the Hill or Lagmuir equa-
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tion that quantifies the ligand-receptor (target-UC Probe) inter-
actions for ligand binding assays [38, 39, 51]. This is derived
from the law of mass action:

n T + UC
k1
−−−⇀↽−−−

k2
TnUC , (1)

where n binding sites of the receptor UC (UC Probe) are avail-
able for the ligand T (target). For the sake of simplicity we
did not considered partial receptor occupancy, only the final
complex TnUC which accounts for the UC Probes which fi-
nally were collected by the magnetic particles and therefore
contributed to the luminescence signal. The parameters k1 and
k2 are the association and dissociation rate constants. At the
equilibrium the molar concentration of the complex target-UC
Probe [TnUC] follows the well-known Hill-Lagmuir equation
[38, 39]:

[TnUC] = [UC0]
[T ]n

[T ]n + (KE)n , (2)

where [UC0] is the total molar concentration of UC Probes and
[T ] is the total molar concentration of target. (KE)n = k2/k1,
where KE is the target concentration at which half of the UC
Probes are bound to targets. For the case of one binding site
n = 1, this parameter equals the equilibrium dissociation con-
stant of the target-UC Probe complex Kd = k2/k1. For target
concentrations below KE , the target-UC Probe complex con-
centration [TnUC] follows a power law with [T ] with an expo-
nent equal to n. This n value is the well-known Hill coefficient
which presents a more general interpretation than the original
one as the number of binding sites [38]. Therefore, [TnUC] ver-
sus [T ] exhibits a linear trend in a log-log plot which leads the
sensor calibration response. At higher concentrations of target,
[T ] above KE , the concentration of target-UC Probe complex
[TnUC] saturates reaching a plateau where all the UC Probes
are bound to targets and therefore, it deviates from the above
mentioned linear behavior. As an example, we plot in Fig. 7
(dashed line) the fraction of UC Probes captured by the target
[TnUC]/[UC0] as a function of the target concentration [T ] in
a log-log plot. Our model is able to reproduce the experimental
findings with a very good agreement by considering a Hill co-
efficient n = 1.5 (matching the fitting slope of the experimental
data) and a value of KE = 4000 pM to ensure the linear regime
to be present until the tens of nanomolar range of target.

Now we must take into account that the luminescence sig-
nal measured in the control sample (without target) comes from
UC Probes non-specifically adsorbed onto the surface of Mag
Probes, that is, non-specific binding. This can be accounted by
the following equilibrium chemical reaction:

UC
β1
−−−⇀↽−−−
β2

UC∗ , (3)

which gives us the concentration of UC Probes physisorbed to
the Mag Probes [UC∗]:

[UC∗] =
1

1 + β
([UC0] − [TnUC]) , (4)

Figure 7: Theoretical fraction of captured UC Probes versus the total target
concentration [T ] in a log-log plot. Dashed line represents the concentration
of target-UC Probe complex [TnUC] normalized to the concentration of UC
Probes [UC0] and exhibits the typical linear regime up to a saturation for [T ]
above KE .

where β = β2/β1, being β1 and β2 the non-specific association
and dissociation rate constants. For the case without target, the
fraction of non-specific captured UC Probes [UC∗]/[UC0] '
1/βwill be responsible of the control luminescence signal. That
means the parameter β gives us the experimental signal con-
trol value. Dotted line in Fig. 7 shows the fraction of non-
specific captured UC Probes [UC∗]/[UC0] (Eq. 4) for a value
of β = 2 × 105. The curve shows a nearly constant value close
to ' 1/β, i.e. the one achieved without target. At high target
concentrations, in the saturation regime [T ] > KE , the number
of non-specifically bound UC Probes decreases since most of
the UC Probes are easily target-binding. Finally, the total con-
centration of captured UC Probes is shown in Fig. 7 (solid line)
which is the sum of both contributions: [TnUC] + [UC∗]. The
offset value given by Eq. 4 roughly imposes the lower limit
of the target concentration range exhibiting the linear trend of
the sensor. It happens where the number of target-UC Probe
complexes becomes similar to the number of non-specific UC
Probes captured by the Mag Probes. This occurs at a target con-
centration value close to [T ] ' KE/β

1/n below which the signal
approaches to the control value. Using the parameter values of
Fig. 7 we obtain that the value of [T ] is ' 1 pM. This esti-
mation reflects that the major restriction to detect smaller tar-
get concentrations is the non-specific binding. Following this
reasoning we were able to roughly reproduce the behavior of
the experimental data as shown in Figs. 4 and 6. There the
fraction of captured UC Probes [TnUC]/[UC0] + [UC∗]/[UC0]
(see Eqs. 2 and 4) is shown by using the above mentioned pa-
rameters n = 1.5 and KE = 4000 pM. We chose the value of β
to properly reproduce the corresponding control value for each
experiment. In Fig. 4 we used β = 2.5 × 105 which leads
to a lower limit value as the one mentioned above, [T ] ' 1
pM. As shown in Fig. 6, the photo-ligation process seems to
reduce indeed the control signal, in agreement with our theo-
retical estimation of β = 8 × 105 which leads to a lower limit
of [T ] ' 0.5 pM. Therefore, the reduction of non-specific bind-
ing allows to detect smaller target concentrations, and stands
out as one of the key drawbacks to overcome in order to keep
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developing direct detection assays with increasingly higher ul-
trasensitivities. In this regard, photoligation seems to be a very
suitable strategy to overcome this limitation in oligonucleotide
detection platforms, as the covalent linkage formed between the
UC Probe and the Mag Probe allows to conserve this target-
specific signal upon thorough washes, even when the DNA du-
plex between the target and the probes is denatured, while the
non-specifically bound luminescent reporters (UC Probes) are
removed upon washes. This results in an improvement of the
S/B ratio and the LOD assay. More interestingly, photoliga-
tion is susceptible to be combined with additional strategies that
aim to reduce non-specific binding by using other mechanisms.
In this regard we may classify photoligation as a post-“non-
specific binding” strategy, as it allows to reduce this effect once
it has taken place. By contrast, most previous strategies have
traditionally focused on preventing non-specific binding to oc-
cur, which may be classified as a pre-“non-specific binding”
strategy. This can be achieved by introducing molecules in the
assay buffer that mimic the surface chemical properties of the
reporter and compete with them towards possible non-specific
binding sites [52], or modifying the surface of the solid support
and/or the reporter with anti-fouling molecules (e.g. PEGs) that
reduce the strength of these non-specific interactions [53, 54].
Thus, we advance that designing detection assays that simul-
taneously combine both pre- and post-“non-specific binding”
treatments may prove synergistic regarding the development of
assays featuring a further improved ultrasensitivity, as well as a
better dynamic range, reproducibility and selectivity [54].

4. Conclusions

In this work, we developed and optimized a luminescence
sensing platform for the detection of specific oligonucleotide
sequences. The mechanism of the sensor is based on the cap-
ture of photoluminescent ssDNA-UCNPs by ssDNA-magnetic
microparticles upon hybridization with the targeted DNA com-
plementary sequence. At this point, a photoligation step links
covalently the ssDNA from the UCNPs to the ssDNA from the
magnetic microparticles, which were held face to face upon
hybridization with the target sequence. This covalent bond
allowed the use of more stringent washes during the assay,
which translated in an 10-fold improvement of its limit of de-
tection (i.e. from 500 fM to less than 50 fM). To the best of
our knowledge this represents a more than 400-fold improve-
ment when compared with similar platforms to detect DNA
sequences reported in literature [33, 34, 35, 36]. We found
that a proper compromise between the number of magnetic mi-
croparticles used during the assay, and the area in which the
UCNPs-magnetic microparticles complexes were concentrated
to read the result, was important to achieve a good detectability
of the UCNP reporters luminescence. The use of larger UCNPs
proved to be also beneficial, as the power density required to
read the assays could be reduced 3-fold. This can be suitable
for both, the use of a less powerful and more portable excitation
source, and to avoid potential sample degradation effects. The
optimized sensor was finally tested in samples that contained

total miRNA extracts from human serum. Under these condi-
tions, the sensor maintained most of the analytical characteris-
tics featured in the absence of total miRNA extracts, such as its
LOD (less than 50 fM), linear range (more than two orders of
magnitude), and slope of 1.6. This result is encouraging, since
indicates the suitability of the presented platform to detect the
presence of miR-21-5p at concentrations present in the serum
of breast cancer patients [50, 49] and even more the concen-
tration naturally present on healthy patients [49]. The possi-
bility to quickly modify and print most of the setup required
for the detection assay at an affordable price, at any time, and
any location worldwide (given that there is a 3D-printing spot
nearby), is an additional advantage of 3D-printed sensing plat-
forms. Finally, we theoretically demonstrated, by following the
proposed model for ligand binding assays, that a major factor
limiting the sensor sensitivity is non-specific binding. In this di-
rection, photoligation strategies, and probably its combination
with other additional approaches that may help to reduce this ef-
fect at maximum, seem to be very suitable to achieve ultrasensi-
tive sensors when taking advantage of the autofluorescence-free
luminescence from UCNPs.
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