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Graphene oxide - upconversion nanoparticle based optical
sensors for targeted detection of mRNA biomarkers present in
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The development of new sensors for the accurate detection of
biomarkers in biological fluids is of ultmost importance for the
Next to advanced
techniques, there is a need for relatively simple methods which

early diagnosis of diseases. laboratory
can significantly broaden the availability of diagnostic capability.
Here, we demonstrate the successful application of a sensor
platform based on graphene oxide and upconversion
nanoparticles (NPs) to the specific detection of mRNA-related
fluids. The

light upconversion with low-

oligonucleotide markers in complex biological
combination of near-infrared
background photon counting readout enables reliable detection of
low quantities of small oligonucleotide sequences in the
femtomolar range. We demonstrate the successful detection of
analytes relevant to mRNAs present in Alzheimer’s disease as well
as prostate cancer in blood serum. The high performance and
relative simplicity of the upconversion NP-graphene sensor
platform enables new opportunities in early diagnosis based on
specific detection of oligonucleotide sequences in complex

environments.

Introduction

Messenger RNAs (mRNAs) are biomolecules which convey the
necessary information for the ribosomal synthesis of proteins.!
mRNA is of high
importance for the monitoring of the progression of diseases?

The detection of intracellular levels
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4, development of targeted drug treatments> ¢ and onset
diagnosis of disorders?2. Several methods are available to
detect the presence of specific mRNAs, such as Northern
blotting, RNase Protection Assay, DNA microarrays and in situ
hybridization.?-12 For more sensitive studies of mMRNA

expression, real-time reverse-transcription
(RT-gPCR) is

standard protocol capable of quantifying RNA content from a

quantitative

polymerase chain reaction considered the
volume as small as a single cell.’3 While these techniques are
powerful tools for the research laboratory, the level of
technical skill and specialist equipment required in preparation
and analysis protocols often poses a disadvantage, limiting the
widespread availability of such methods. Recently, a variety of
sensors have been developed which based on the Forster
resonance energy transfer (FRET) effect.141° The sensitivity of
these sensors is highly dependent on the efficiency of the
fluorophore donor. Commonly used dyes have several
drawbacks, including photo-bleaching, blinking effects and
interferences from biomolecules in samples that absorb in the
UV-Vis range, usually overlapping with the absorption regions
of most common dyes.?°

To overcome these issues, upconversion nanoparticles
(UCNPs) have been developed as an alternative fluorescence
donor. UCNPs are lanthanide-doped nanoparticles, which are
able to absorb two or more low energy photons and emit
fluorescence at a shorter wavelength than the excitation
wavelength. Typically, UCNPs absorb in the near-infrared (NIR)
region and emit in the visible region of the electromagnetic
spectrum.?! Additionally, UCNPs have shown great chemical
and photochemical stability, low toxicity and absence of
photo-bleaching or blinking effects.?224 When considering
possible candidates for energy transfer acceptors, graphene
oxide (GO) appears to be ideal, due to its high solubility in
water?>, high surface area and efficient quenching?25 26 and its
characteristic affinity to various biomolecules.?’ For example,

single stranded oligonucleotides are preferentially adsorbed to
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Scheme 1. Schematic route used for detection of biomarkers present in biopsy tissue or harvested cells. After lysis of the cells or tissue to be analysed, the obtained lysate is

mixed firstly with the UCNPs coated with a sequence complementary to the target of interest. Then, the graphene oxide solution is added and the sample is irradiated with a

laser at 980nm. Monitoring of the fluorescent signature of the particles concludes to the presence of the target sequence or not.

GO via m-mt stacking interactions, whereas double stranded
bind.28, group
based on and

oligonucleotides do not Recently, our

developed a sensor graphene oxide
upconversion nanoparticles to detect small poly-A sequences
with the detection limit in the picomolar range (see ESI
Scheme S1).2° Here, we show for the first time the applicability
of upconversion nanoparticle/graphene oxide sensors for the
detection of mRNA-related biomarkers. We have selected the
mRNA biomarker BACE-1 related to Alzheimer’s disease3° and
the mRNA biomarker PCA3 related to prostate cancer3!33 to
demonstrate the applicability of the technique relevant for
early detection of critical diseases. By using a single-photon
counting detection scheme, we achieve a detection sensitivity
of target oligonucleotide sequences down to the femtomolar
range. Most importantly our sensors retain their sensitivity
and selectivity in complex biological fluids such as blood
plasma and cell lysate. A schematic illustration of the function
of the sensors is shown in Scheme 1. A complex environment
such as whole cell lysate is used as the starting solution to
which UCNPs and GO are subsequently added in a two-step
process. In the presence of BACE-1 or PCA3 target sequences,
hybridization of the nucleotide chain results in a reduced
adsorption of the UCNPs to the GO, which is subsequently
detected by the fluorescent signature of the upconversion

nanoparticles mediated by a 980 nm laser.
Results and Discussion
Synthesis and functionalization of upconversion nanoparticles

The synthesis of NaYF4:Yb,Er nanoparticles was done following
a previously established procedure.3* 35> The particles were

2| J. Name., 2012, 00, 1-3

2 nm (see TEM
image analysis in ESI Figures S1A and S1B). The synthesized

monodisperse with a mean diameter of 27 +

particles had a characteristic fluorescence signature relevant
to their composition (ESI Figures S1C and S1D). As synthesized
nanoparticles were coated with oleic acid (OA) and dissolved in
In order to transfer these particles in
water, a ligand exchange reaction with polyacrylic acid (PAA)

non-polar solvents.

was performed following a simple substitution method.36 The
advantages of this method are that the particles can easily
transfer in water and that the ligand shell contains several
carboxylic groups, which can be further reacted via coupling
reactions (ESI Scheme S2).
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Figure 1. Detection of 545nm emitted photons from oligonucleotide coated UCNPs in
the presence of GO (0.5 mg.mL-1) and different concentrations of the target sequence
poly-A (***p<0.001). The detection of the target is directly proportional to the amount
of target present in solution.
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Figure 2. Performance of the sensors for the three oligonucleotide sense sequences
(PCA3 (black), BACE-1 (red) and poly-T (blue) in PBS buffer (*p<0.01; ***p<0.001). An
inset shows a magnification of the target detection for the range of 0.2-10 pM.

For the purpose of our experiments, amine-functionalized
oligonucleotides were attached to the carboxylic groups of the
nanoparticles via EDC/sulfo-NHS coupling. Three different
oligonucleotide strands were employed. Two sense strands
were designed to target selected areas of two mRNAs involved
to Alzheimer disease (BACE-1) and prostate cancer (PCA3) (ESI
Table S1). A third, nonspecific strand containing a poly-T
sequence was designed as a general sequence that can detect
the poly-A tail of any mRNA. The covalent binding of the
oligonucleotides to the nanoparticle polymer shell was
confirmed with Z-Potential and UV-vis spectroscopy. Upon
attachment of the sense strands to the nanoparticles, the zeta
potential changed to a more negative value for all three types
of oligonucleotides. This shift indicated the binding of the
highly negative oligonucleotide strands to the nanoparticles
(see ESI Figure S2A). The presence of oligonucleotides on the
nanoparticle’s surface was also confirmed with the appearance
of a 280 nm peak on the UV spectra (ESI Figure S2B). The
resulting oligonucleotide coated UCNPs were very stable and
the
spectrum under

showed characteristic Er-upconversion fluorescence

excitation with light from a 980 nm

wavelength laser source (Figure 1).

Targeting specificity and calculation of the detection limit

Calibration of the sensors was achieved by adding different
concentrations of graphene oxide ranging from 0 to 1 mg.mL
fixed
upconversion nanoparticles (0.5 mg.mL1). The photon counts

to a concentration of oligonucleotide coated
decreased proportionally with increasing concentrations of GO
(ESI Figure S3). The lowest concentration of GO that achieves
the highest degree of quenching was determined to be 0.5

mg.mL1. To test the stability of the sensor we monitored its
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performance over a period of 30 days (ESI Figure S4). It was
observed that there were no significant variations on the
values obtained, demonstrating the high stability of the
sensor. Three different batches of oligonucleotide coated
UCNPs were synthesised
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Figure 3. A) Specific oligonucleotide detection by the sensors in a cocktail of both BACE-
1 and PCA3 targets (***p<0.001) in PBS. B) Performance of the sensors in the presence
and absent of the relevant oligonucleotide targets in plasma (dark green) and cell lysis
(orange). At the absence of the target, the poly-T sensor is able to detect the poly-A
tails of all mRNAs in cell lysis (***p<0.001). The noise limit is represented by the light

green area.

using sequences for the detection of Poly-A tails, BACE-1 and
PCA3 (ESI Table S1). Each batch was incubated with the
respective target sequence. Figure 2 shows the detection of
the targets for various concentrations. The detection limit for
every target was directly proportional to the concentrations of
the respective sequence. It was possible to observe that the
lowest experimental detection limit for poly-A was 200 fM and
for the other two targets was 500 fM (ESI Figure S5), since
those concentrations were significantly above the detection
limit threshold.

Selectivity of the sensor and function in blood plasma and cell lysis

An important aspect of a sensor is their ability to selectively detect
a target in challenging environments, where biomolecules such as
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proteins and non-specific mRNAs could interfere with the detection
of the target mRNA biomarkers.

The selectivity of our sensors was tested by subjecting them to
both BACE-1 and PCA3 target oligonucleotide sequences at the
same time. Figure 3A shows photon counts for BACE-1 (red)
and PCA3 (black)
oligonucleotide sequences. The results show that the sensors

sensors, when exposed to these
are highly selective without interfering with other sequences
other than the respective target. Subsequently, we tested the
sensors both in whole cell lysate and in blood plasma, where in
each medium the specific target was either present or absent.
Figure 3B shows the performance of the sensors in these
media.

In comparison to the Alzheimer and prostate cancer sensors,
which did not show a detection response in absence of the
target sequence either in plasma or cell lysis media, the poly-T
oligonucleotide sequence sensor gave a strong fluorescent
signal in the absence of the poly-A sequence in cell lysis
medium. This observation is attributed to the presence of
multiple mRNAs in the cell lysis that carry a poly-A tail, which is
detectable by the poly-T sensor, highlighting the excellent
performance of the sensor for general mRNA targeting.

Conclusions

In  summary, we successfully designed graphene
oxide/upconversion nanoparticle sensors capable of detecting
oligonucleotides sequences relevant to mRNA sequences
associated with Alzheimer disease and prostate cancer. Our
sensors have several important advantages when compared
with previously reported systems. They are highly sensitive
with a detection limit in the femtomolar range and with no
related to

absorbance interferences. We have demonstrated that the

drawbacks photo-blinking or biomolecule
sensor platform is highly selective to a specific target mRNA
even in complex media such as blood plasma and cell lysate
where the interference from other biomolecules is significant.
These sensors will be of broad interest as mRNA biomarkers in
early diagnosis of critical diseases such as Alzheimer’s disease

and prostate cancer.
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