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ABSTRACT 

In this work we investigated the nature of the quenching that occurs between different types of 2D materials (WS2, MoS2 
and graphene oxide) and oligonucleotide coated-upconversion nanoparticles. This study contributes towards the efficient 
design of bio-sensors based on 2D materials and DNA-coated upconversion nanoparticles. 
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1. INTRODUCTION  

In recent years, there has been a growing interest to explore the potential of upconversion nanoparticles for various 
applications1-3 with a focus in biomedicine.4 Moreover, platforms based on upconversion nanoparticles have been 
developed for the detection of specific biological targets.5 Upconversion nanoparticles consist of a host matrix doped 
with lanthanides. These particles, when excited with near-IR light (low energies), emit at the visible region of the 
electromagnetic spectrum (high energies). Their optical properties offer various advantages compared to the use of 
standard emitters, or fluorescent organic dyes, such as the photochemical stability, large stokes shift, absence of photo-
bleaching and, most important, the avoidance of background autofluorescence.6 

Various types of sensors based on the interactions between a fluorescent dye and a quencher have been recently reported 
for biomolecular detection.7-8 Typical examples involve the use of 2D materials as quenchers and organic dyes or 
nanoparticles as fluorescence sources.9-12 In particular, nucleic acids, among other biomolecules, have been reported to 
interact with various 2D materials and this property has been used to design  relevant biosensors.13-14 The working 
principle of  this kind of fluorescent DNA sensors is based on the different interaction of dye modified single-stranded 
DNA (ssDNA) and dye modified double-stranded DNA (dsDNA) with the 2D materials. While the fluorescence of the 
dye modified single-stranded DNA (ssDNA) is quenched by the 2D materials, once in close proximity, the dye modified 
double-stranded DNA (dsDNA) does not interact with the 2D materials, and thus, its fluorescence is not quenched. These 
differences allow the detection of target oligonucleotides. Within this context, our group recently reported the design of a 
specific sensor for oligonucleotide detection based on the interactions occurring between UCNPs coated with single 
stranded DNA (UCNPS-ssDNA) and graphene oxide (GO).15-16 The efficiency of the quenching is correlated with the 
adsorption of the oligonucleotides onto the surface of the 2D materials. The nature of the interactions taking place 
between the ssDNA and 2D material are pivotal to define as to whether quenching will efficiently occur or not.17-18  

In this work we studied the nature of the interactions taking place between UCNPs-ssDNA and the 2D materials WS2, 
MoS2 and GO. Initially, hexagonal core-shell UCNPs, which possess enhanced optical properties compared to the 
parental particles, were synthesized. Then, the surface of these particles was coated with a poly-acrylic acid polymer 
(PAA) in order to render them water-soluble. The end carboxylic groups on the nanoparticles were further functionalized 
with different amine-modified oligonucleotides using EDC coupling chemistry.5 In particular, ssDNA sequences with 
two different lengths (30 or 40 bases) and different GC content (30% and 40%) were chosen to be used in this study. 
Then, the oligonucleotide coated nanoparticles were incubated with various concentrations of 2D materials and 
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subsequently in the presence of a DNA denaturing agent. After the analysis by florescence of the different experiments, 
the kind of interaction taking place between the UCNPs-ssDNA particles and the different 2D materials was elucidated. 
This information could be used to get a more precise design of biosensors.  

2. EXPERIMENTAL PART 

2.1 Materials and methods 

All chemicals in the experiment were of analytic grade purity and were used without further processing. Erbium(III) 
chloride hexahydrate (99.9%), ytterbium(III) chloride hexahydrate (99.9%), yttrium(III) chloride hexahydrate (98%), 
ammonium fluoride (98%), methanol (99.9%), n-hexane (95%), Poly(acrylic acid) (PAA) (MW 1.8 kDa), phosphate 
buffered saline (PBS) tablets, 2-(N-Morpholino)ethanesulfonic acid, 4-Morpholineethanesulfonic acid (MES), Sodium 
Borate, Sodium Chloride, 1-Octadecene (90%), Oleic Acid, N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide 
hydrochloride (EDC) (99%), Urea and N-hydroxysulfosuccinimide sodium salt (Sulfo-NHS) (98%) were purchased from 
Sigma-Aldrich (St. Louis, MO). Tetrahydrofuran (THF), ethanol and hexane were purchased from Fisher Scientific 
(Loughborough, UK) in laboratory grade. GO (powder, flake size: 0.5-5μm, flake thickness: 1 atomic layer – at least 
80%) was purchased from Graphene Supermarket, Inc. (New York, NY). MoS2 and WS2 were purchased from ACS 
Material (Medford, MA) as powder of 0.2-5µm diameter, 1nm thickness and 90% of monolayer ratio for MoS2 and 0.1-
4µm diameter, 1nm thickness and 90% of monolayer ratio for WS2. All oligonucleotide sequences were obtained in 
collaboration with ATDBio Ltd (Southampton, UK). TEM images were obtained with a Hitachi H7000 Transmission 
electron microscope operating at a voltage of 75 kV. Milli-Q water was used in all experiments for PBS preparation. 
PBS (tablet, Sigma Aldrich, UK) was used to prepare the buffer accordingly to manufactures’ instructions.  

2.2 UCNPs nanoparticle synthesis 

2.2.1 Synthesis of core UCNPs (NaYF4: Yb+3 (25%), Er+3 (3%)). 

The synthesis was performed according to previously reported methods with some modifications.19 Briefly, the salts 
YCl3·6H2O (245mg, 0.81mmol), YbCl3·6H2O (107mg, 0.28mmol) and ErCl3·6H2O (15mg, 0.04mmol) were placed in a 
100mL round bottom flask. Oleic acid (6mL, 19nmol) and 1-octadecene (15mL, 2.5mmol) were added to the flask and 
the solution was stirred under vacuum at 100oC for 1 h. Then, the mixture was left to cool down and a solution of NaOH 
(100mg, 2.5mmol) and NH4F (150mg, 4mmol) dissolved in 10mL of dry MeOH was added dropwise. The mixture was 
then stirred for 30 min at RT and it was heated under an argon flow gradually to 130oC to ensure the complete 
evaporation of MeOH or water. The temperature was raised to 305oC at 15oC/min rate and kept for 1h10min before to 
cool down the solution at room temperature overnight. The particles were precipitated with EtOH and centrifuged at 
2200 rpm for 15min. This process was repeated for three times. After purification, the pellet of the particles (white pale 
powder) was left to dry at 80oC for several hours and stored. 

2.2.2 Synthesis of core-shell UCNPs (NaYF4: Yb+3 (25%), Er+3 (3%) @NaYF4). 

The synthesis of core-shell nanocrystals was performed following previously published protocols with some 
modifications.5 Briefly, YCl3 ·6H2O (150mg, 0.8mmol) was dissolved in a solution of 15mL of 1-octadecene and 6mL of 
oleic acid and stirred for 1h under Ar flow at 120oC. The mixture was cooled down to 40oC and after that a CHCl3 
(10mL) solution of the nanoparticles formed in section 2.2.1. (150mg) was added dropwise and the mixture heated under 
an Ar flow to 80oC (45min) to completely evaporate the CHCl3. Then, the mixture was cooled to room temperature 
under an Ar flux and NaOH (100mg, 2.5mmol) and NH4F(150mg, 4mmol) dissolved in 10mL dry MeOH was added 
dropwise. The temperature was increased gradually to 130°C to ensure evaporation of the MeOH or water. Then the 
mixture was brought to 305oC at 15oC/min rate under a steady Ar flow, left there for 1h 20min and then it was cooled at 
room temperature overnight. The particles were precipitated with dry EtOH and centrifuged at 2200rpm for 15min. This 
process was repeated three times. Then the core-shell nanoparticles were collected as white powder, left to dry, and 
stored as suspension in CHCl3. 
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2.3 Functionalization of UCNPs with ssDNA 

2.3.1 Synthesis of UCNPs-PAA particles 

Core-shell upconversion nanoparticles were coated with PAA to render them water soluble and appropriate for further 
coupling with ssDNAs. The experiment was carried out using a well-established ligand exchange method occurring 
between the oleic acid (OA) and the PAA.20 Thus in a typical reaction 21mg of UCNPs-OA dissolved in 7mL of THF 
were added to PAA (0.25g) dissolved in 3mL of THF. The sample was left under stirring for 48h and then centrifuged 
and washed with EtOH to extract the nanoparticles (16400 rpm and 4oC for 10 min, 3 times). The particles were re-
suspended in sterile DNAse/RNAse free Milli-Q water and stored at 4oC.   

2.3.2 Synthesis of UCNPs-ssDNA 

The carboxylic groups on PAA coated UCNP were coupled with amine modified oligonucleotides. In a typical reaction 
0.5mg/mL of UCNPs-PAA suspended in borate buffer (pH 8.5) were added to 10µl EDC (2.9mg, 0.3M) and 20µl NHS 
(3.5mg, 0.3M) both dissolved in MES buffer (pH 5.5). The solution was sonicated for 10 min and then 21µl of ssDNA 
(8.4µM final conc.) were added and the mixture was left under stirring at room temperature overnight. Then the particles 
were purified via centrifugation (16400rpm and 4oC for 10 min, 3 times). The UCNPs-ssDNA were resuspended in 
sterile DNAse/RNAse free Milli-Q water and stored at -20oC for further use. 

2.3.3 Design and Synthesis of ssDNA sequences 

Specific sequences were found in the BLAST database https://blast.ncbi.nlm.nih.gov/Blast.cgi under the Genebank 
accession number AY266290 (Osmtp1), NM_179953.3 (AtACT1), AY145451.1 (HvACT1). To the sense strands a 
poly-A (10 bases) sequence was added to impart rigidity to the sequence once attached on the particles to minimize the 
interaction of the single strands with the surface of the particles.  Appropriate sequences were then chosen with the 
following criteria: Length of sense strand: 20-30 bases, melting temperature ~50 °C, GC content  ≤  50 %, E value  ≤  
0.05, E value of nearest match > 1. The complete sequences as used for the synthesis of UCNP-ssDNA are reported in 
the table 1.  
 

Table 1. DNA sequences used for the synthesis of UCNPs-ssDNA 

Name ssDNA sequences and modification 

Osmtp1 5’-aminohexyl-AAAAAAAAAACTGATGGAGAGCACGCCCCG-3’ 

AtACT1 5’-aminohexyl- AAAAAAAAAACACTGTTTGTTTGCTTGACG-3’ 

HvACT1 5’-aminohexyl AAAAAAAAAAAACCCAAAAGCCAACAGAGAGAAG-3’ 

 

2.4 Design of the experiment 

2.4.1 Interactions of 2D materials and UCNPs-ssDNA. 

UCNPs-ssDNA were sonicated in 1mL of PBS (0.5mg/mL). Then, they were added to known concentrations of 2D 
materials and the fluorescence was monitored. The upconversion fluorescence and photon measurements were 

Proc. of SPIE Vol. 10507  105070U-3

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 2/26/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



UCNPs

UCNPs-corc

H, NH4F, YCI3

id, Octadecene,

5°C, 1h, Ar

1:xDH1

THE
48h, RT

shell -PAA

UC:NPs-cor_ __

d)

C)

Wavelength a(r

UCNP5 core well

- UCNPs

i

 

 

performed in
source, and a
ID-Quantique
35mm focal l
Alternatively
(Becker & H
545nm (Thor
with the corr
each measure
100 scans to
measurement
was repeated 

3.1 Synthesi

3.1.1 Synt

Core shell UC
transfer UCN
1a). This liga
silica coating
carboxylic gr
The core and
images show
size of 41nm
emission of t
excitation con
 

Figure 1. (a) A
coated UCNPs
(scale bar on T
line). Fluoresce
 
 
 
 

n a manually 
an SpectraSuit
e,Switzerland)
length lens, a

y, fluorescence
Hickl GmbH).
rlabs) were us
responding so
ement. All flu
o average and
ts were perfor
10 times. 

is of function

thesis of PAA 

CNPs were sy
NPs in water, 
and exchange

g. The PAA po
roups, which c
d core shell U
ed that the sh

m diameter. T
the UCNPs a
ntinuous powe

A schematic illu
s; Transmission

TEM pictures is
ence spectra we

aligned setup
te Spectromet
). The emitted

and was analy
e was detecte
 A short pass

sed to suppres
lvent was me

uorescence sp
d were repeat
rmed at a wav

nalized nanop

coated UCNP

ynthesized foll
a ligand exch

e strategy offe
olymer does n
can be functio
UCNPs were 
hell thickness 
The formation
as shown in t
er laser diode 

ustration showin
n electron micr
 200nm); (d) no
ere collected in 

p with a conti
ter (OceanOpt
d fluorescenc

yzed using a f
ed by the id10
s IR-blocking
ss scattered ex
easured under 
ectroscopy m
ted at least th
velength of 54

3. RESUL
particles 

Ps 

lowing metho
hange approac
ers various ad

not influence th
onalized with a
analysed by t
of the shell w
 of the core 
the normalize
at 980nm (Fig

ng the formatio
roscopy images
ormalized fluor
hexane with th

inuous wave 
tics, USA) an
e was collect

fiber-coupled 
00 avalanche 
g filter (FGS9
xcitation light
illumination 

measurements 
hree times w
45 nm with 1

LTS AND DI

ods reported in
ch was utilize
dvantages com
he emission p
amine modifie
transmission 

was 7nm, lead
shell also res

ed graph of n
gure 1d).  

on of core-shell 
s of (b) as syn
rescence emissi
he concentration

980 nm 300m
nd a single pho
ted at an angl
grating spectr
detector coup

900) and a na
t and select on
with the 980 
were perform

with independe
10.000 ms of 

ISCUSSION

n the literature
ed where the o
mpared to oth
properties of th
ed molecules,
electron micr

ding to the for
sulted in a co
nanoparticle f

UCNPs and th
thesized pristin
ion of pristine U
n of both UCNP

mW diode las
oton counting
le of 90° to th
rometer (USB
pled to a PM
arrowband op
nly the fluore
nm laser bea

med with 500 
ent measurem
integration tim

N 

e with slight m
oleic acid wa
her common 
he nanoparticl
 here with the

roscopy (TEM
rmation of nan
onsiderable in
fluorescence s

e subsequent lig
ne UCNPs and 
UCNPs (blue lin
Ps set at 1mg/m

ser (Thorlabs)
g avalanche de
he excitation 

B4000, OceanO
MS-400 photon
ptical filter ce
escence emissi
am and set as
ms of integra

ments. All pho
me, and each

modifications.
s replaced by
capping strate
les and offers 
e amino group
M) (Figure 1b
noparticles wi
ncrease of the
signatures und

gand exchange 
(c) after core-

ne) and core sh
mL. 

) as excitation
etector (id100
beam using a

Optics, USA)
n counter card
ntered around
ion. A cuvette

s the blank for
ation time and
oton counting

h measuremen

.5,19 In order to
y PAA (Figure
egies, such as
the functiona

ps of ssDNA.2
 and 1c). The
ith an average
e fluorescence
der a 300mW

to obtain PAA
-shell formation
hell UCNPs (red

n 
0, 
a 
). 
d 
d 
e 
r 
d 
g 

nt 

o 
e 
s 

al 
0 
e 
e 
e 

W 

 
A-

n  
d 

Proc. of SPIE Vol. 10507  105070U-4

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 2/26/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

3.1.2  Synt
 
Following P
functionalized
amide bond b
fluorescence 
the quenching
UCNPs-ssDN
their adsorpti
 
 

 
 
Figure 2. (a) 
UCNPs-ssDNA
of increasing c
 
The collected
different quen
were observe
oligonucleoti
quenching by
agreement w

thesis of core-

PAA coating,
d with single 
between the a
emission of th
g was analyse

NA is affected
ion onto the su

A schematic i
A were incubate
oncentrations o

d photons’ em
nching profile
ed for all the 
de sequences

y both MoS2 a
ith previous s

-shell UCNPs-

 the core-sh
strand DNAs
amino group 
he UCNPs-ssD
ed as a functi
d by the abilit
urface of these

illustration of t
ed with increas
of (b) MoS2 and

mission of UCN
es related to th
investigated U
. In the case o
and WS2 was 
studies, which

-ssDNA and q

hell UCNPs 
s (ssDNA) fol

on the DNA
DNA was inv
ion of the dec
ty of WS2 and
e materials.  

the coupling b
sing concentrati
d (c) WS2 with a

NPs-ssDNA in
he different ol
UCNPs-ssDN
of UCNPs-Hv
observed in c
h reported tha

quenching with

displayed ex
lowing an am
 strand and t
estigated in pr
creased photo
d MoS2 to que

between amino-
ions of 2D mate
a fixed concent

n the presence
ligonucleotide

NA, a differenc
vACT1, which
comparison w
at the oligonu

h 2D material

xcellent solub
mino coupling 

he carboxylic
resence of var
ns count (Fig
ench the fluor

-modified ssDN
erials, and the p
tration of UCNP

e of increasing
es used. While
ce can be obs
h have the lon

with the other 
ucleotide leng

ls 

bility in wa
procedure inv

c moieties of 
rious concentr

gure 2b and 2
rescence of ex

NA and PAA-c
photon counts w
Ps-ssDNA of 0.

g concentratio
e for both, Mo
served and rel
ngest ssDNA 
samples (Figu

gth played an 

ter. These p
volving the fo
the PAA (Fi

rations of 2D 
c). The fluore
xcited UCNPs

coated core-she
were monitored
.5mg/mL in PB

ons of 2D mat
oS2 and WS2, 
lated with the
sequences, a 
ure 2b and 2c

important ro

particles were
ormation of an
igure 2a). The
materials, and
escence of the
s-ssDNA after

ell UCNPs; the
d in the presence
BS. 

terials showed
similar trends

e length of the
more efficien

c). This was in
ole towards its

e 
n 
e 
d 
e 
r 

 

e 
e 

d 
s 
e 

nt 
n 
s 

Proc. of SPIE Vol. 10507  105070U-5

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 2/26/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

adsorption on
affect their q
quenching ac
 
3.1.3 Effect of
 
In order to fu
fluorescence 
break hydrog
experiment w
content (30 %
 

 
Figure 3. (a) A
the emission c
(b) WS2,  (c)M
before the addi
 
Figure 3d sh
which implie
bonds. On th
enhanced afte
probably driv

nto 2D materi
quenching pro
ctivity.17 

of hydrogen bo

further elucida
recovery afte

gen bonds,22,23

we used the At
% for AtACT1

A schematic illu
ollected over ti

MoS2 or (d) GO
ition of the 2D 

hows a signifi
es that the inte
he other hand
er the interacti
ven by van der

ials.21 On the 
ofile when the

onding on the 

ate the mecha
er the addition
3 thus we emp
tACT1 and O
1 and 46.7% fo

ustration of the 
ime. Photons’ e
O respectively a
material. 

icant increase
eraction of the
d, as expecte
ion urea, whic
r Waals intera

contrary, the 
e particles we

quenching ac

anisms undern
n of urea in q
ployed it to e
smtp1 sequen
or Osmtp1). 

experiment. Ur
emission collec
at 1.1mg/mL o

 of nanoparti
e oligonucleo
d, the fluore
ch indicated th
actions (Figure

different leng
ere incubated

ctivity 

neath the que
quenched sam
lucidate the n

nces, which po

rea was added t
cted over 90 mi
r 0.5mg/mL. T

icle fluorescen
tides with the
scence of the
hat the interac
e 3b-c).  

gth of the ssD
d with graphe

enching effect
mples (Figure 
nature of oligo
ossess the sam

to the adsorbed
inutes after the 

The blue dotted 

nce quenched
e graphene ox
e particles int
ctions of the o

DNA oligonuc
ene oxide, wh

t of the 2D m
3). Urea is w
onucleotide a

me length in nu

d nanoparticles o
addition of 5M
line represents

d by GO after
xide surface w
teracting with
ligonucleotide

cleotides on U
hich also exhi

materials, we m
well known fo
adsorption. To
ucleobases bu

on the 2D mate
M urea to UNC
s UCNPs-ssDN

r the interacti
was greatly du
h MoS2 and 
es with the 2D

UCNPs did no
ibited a better

monitored the
r its ability to

o carry out the
ut different GC

erial surface and
Ps-ssDNA with

NA fluorescence

ion with urea
ue to hydrogen

WS2 was no
D materials are

ot 
r 

e 
o 
e 
C 

 

d 
h 
e 

a, 
n 

ot 
e 

Proc. of SPIE Vol. 10507  105070U-6

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 2/26/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

4. CONCLUSIONS 
In conclusion, we investigated the interactions between UCNPs-ssDNA and different 2D materials. In particular, we 
confirmed that the quenching effect between GO and UCNPs-ssDNA is driven by the formation of hydrogen bonds, 
while the UCNPs-ssDNA do not interact with MoS2 and WS2 through hydrogen bonding but probably through van der 
Walls forces. Also, it is evident that the different length of DNA or the percentage of GC content may influence the 
strength of interactions between nanoparticles and 2D materials.  
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