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ABSTRACT: Upconversion nanoparticles (UCNP) are increasingly used due to their advantages over
conventional fluorophores, and their use as resonance energy transfer (RET) donors has permitted their
application as biosensors when they are combined with appropriate RET acceptors such as graphene oxide
(GO). However, there is a lack of knowledge about the design and influence that GO composition produces
over the quenching of these nanoparticles that in turn will define their performance as sensors. In this
work, we have analysed the total quenching efficiency, as well as the actual values corresponding to the
RET process between UCNPs and GO sheets with three different chemical compositions. Our findings
indicate that excitation and emission absorption by GO sheets are the major contributor to the observed
luminescence quenching in these systems. This challenges the general assumption that UCNPs

luminescence deactivation by GO is caused by RET. Furthermore, RET efficiency has been theoretically
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calculated by means of a semiclassical model considering the different nonradiative energy transfer rates
from each Er3* ion to the GO thin film. These theoretical results highlight the relevance of the relative
positions of the Er3* ions inside the UCNP with respect to the GO sheet in order to explain the RET-induced

efficiency measurements.

KEYWORDS Graphene oxide; upconversion nanoparticles; luminescence quenching; resonance energy

transfer (RET); inner filter effect; biosensor.

INTRODUCTION

Nanoparticles doped with lanthanide ions (Yb, Er, Tm, Ho, etc.) are able to absorb several low energy
photons from a continuous-wave (CW) near infrared (NIR) laser and convert them into a fewer number of
higher-energy photons that are subsequently emitted as UV/visible light. These nanoparticles are called
UCNPs and this feature has been exploited for the development of several different applications spanning
from anti-counterfeiting, bioimaging, ultrasensitive detection of biomolecules (e.g. DNA/RNA),
nanothermometers, to other biological and biomedical applications.’> The reason why UCNPs are more
attractive than currently used materials in high-sensitivity detection is due to their low photobleaching,
blinking, and lack of autofluorescence.?

The detection of biomolecules using luminescence quenching is based on different sensing strategies.10-13
In general, luminescence quenching can be referred to any process that decrease the emission of a
fluorophore, which can occur by a variety of phenomena such as collisional quenching, static quenching,
electron transfer, RET, and inner filter effect.!* Among the different possible luminescence quenching
mechanisms, RET is a process that has been widely used to study bio-interactions and for developing
biodetection strategies. RET is based on the transfer of energy from a fluorophore in its excited state,
which is generally called "donor", to a nearby acceptor in its ground state, called "acceptor”. The nature
of this energy transfer is based on donor-acceptor dipole-dipole interactions, and greatly depends on
parameters such as dipole to dipole orientation, degree of overlapping between donor emission and
acceptor absorption spectra, donor-acceptor distance, quantum efficiency of donor, etc.’>® One of the
first examples reported in literature regarding the development of a RET-based homogeneous assay using
UCNPs as energy donors is the work by Wang et al.?’ In this study the presence of avidin brought in close
proximity biotin conjugated UCNPs (i.e. the donors) and Au-biotin nanoparticles (i.e. the acceptors),
achieving the quenching of the upconversion luminescence via RET mechanism. Nowadays, researchers
have developed many other strategies based on nanomaterials such as gold nanoparticles, carbon

nanoparticles, and graphene oxide, among others, which act as energy acceptors into UCNP-based
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biosensors.2181° |n particular, graphene oxide has emerged as a very promising material to quench the
emission of UCNPs for sensing applications.?° This two dimensional (2D) nanomaterial exhibits a broad
absorption spectrum that can quench a wide range of fluorophores like organic dyes, quantum dots or
UCNPs.1821-23 The accepted detection mechanism is based on the adsorption of single-stranded DNA
(ssDNA) modified-UCNPs onto the surface of GO by n—mt stacking, leading to luminescence quenching. This
ni—Tt stacking interaction can be avoided or diminished when ssDNA forms double-stranded DNA (dsDNA)
upon hybridization or well-folded structures (e.g. ligand recognition by aptamers), as this hampers the
interaction between free nucleobases from ssDNA and GO surface.?*28 This results in a distance change
between the UCNP and the GO surface, which would lead to a restoration of the UCNP emission. This
strategy has been used for the sensitive detection of nucleic acids, proteins, small molecules, and metal
ions using UCNPs.1827.29.30 These pioneer works have clearly demonstrated the quenching ability of this 2D
nanomaterial, which is achieved thanks to its chemical structure. GO incorporates hydrophilic groups into
its structure, which can provide colloidal stability in aqueous solutions and are usually introduced through
the chemical oxidation of different types of graphite or carbon nanofibers that are often used as starting
raw materials. The most accepted GO structure consists of two different regions of hydrophobic 7-
conjugated Csp? and hydrophilic Csp® domains, constituted by alcohol and epoxy groups at the basal plane
and carboxylic groups at the edges.332 We call the ratio between these two regions B, and it will define
its quenching ability.3® The possibility to systematically modify the chemical composition of GO is
interesting for designing DNA/RNA sensors based on RET processes by two main reasons. Firstly, the
interaction between the DNA/RNA and graphene oxide can be tuned according to the needs of the sensor.
Secondly, the ratio between the C=C groups and C-O and COO- affects the UV-Vis absorption of GO,
influencing the spectral overlap and consequently the RET process, as well as its colloidal stability. For this
reason, finding optimal GO compositions may improve RET alleviating the relatively low RET efficiency
conditioned by the inherently poor quantum yields from the upconversion process.3*3> Additionally,
establishing the full-picture of the UCNPs-GO RET mechanism is of key importance for the rational design
of UCNPs-GO systems, especially after witnessing the recent indications that other mechanisms different
than RET strongly contribute to luminescence quenching of UCNPs located close to a proper acceptor. For
example, Wu et al. have shown that reabsorption is the primary reason for the luminescence quenching
of NaYF,:Yb3*,Er3* UCNPs encapsulated by an amphiphilic polymer shell containing photoresponsive
diarylethene chromophores acting as acceptors.3® More recently, in a study published by Ding et al., the
luminescence quenching of UCNPs encapsulated within Rose Bengal was found to be due to reabsorption

(or inner filter effect), being it able to vary between 20% and 93% of the total quenching.?” Therefore,



having a quantitative picture of the roles that RET and inner filter effect play in the UCNP-GO platform is
of paramount importance for rationally constructing efficient RET systems.

In this work, we quantitatively determine the separated contribution of RET and inner filter effect to the
global quenching efficiency observed in a donor-acceptor system based on UCNPs and GO pairs. Steady-
state and time-resolved luminescence spectroscopy experiments on different GO compositions, and the
theoretical modelling reported validate the proposed quenching mechanism. Based on our results, we
propose guidelines that may be considered when designing systems based on RET or / and quenching

between UCNPs and GO.

EXPERIMENTAL SECTION
Methods

Transmission electron microscopy (TEM) was used to characterize the UCNPs’ size and morphology. TEM
grids were prepared by drop-casting of 10 uL of a diluted UCNP dispersion onto lacey carbon-coated Cu
grids, followed by air-drying for 90 seconds. TEM images were taken on a JEOL JEM-2100 transmission
electron microscope working at 200 kV and equipped with a digital camera GATAN. The nanoparticle size
distribution was obtained by means of particle size statistics counting 200 nanoparticles from TEM pictures
and using the software FUI (“Fiji Is Just Imagel)”) v. 2.0.0-rc-59/1.51k. Powder X-Ray diffraction (XRD)

pattern was obtained with a Bruker D8 Advance with Cu Ka radiation with rapid detector Lynxeye.

Luminescence spectra of the upconversion nanoparticles were recorded with a home-built system. A
pigtailed 10 W CW laser (JDSU, L4-9897603) working at 976 nm was used as excitation source equipped
with a digital controller of current and temperature (ILX Lightwave, LDX-36025-12 and LDT-5525B8,
respectively). The laser beam is transmitted through a long-pass dichroic filter (Semrock, FF757-Di01) and
then it is focused on a 1 cm path length cuvette containing the sample with a 10X objective. The
upconversion signal coming from the sample is reflected by the dichroic mirror towards a short-pass filter
which blocks the IR reflected radiation (Semrock, FF01-775/SP) and, finally, focused into an optical fiber
connected to a monochromator (HORIBA Jobin Yvon, iHR320). The monochromator is equipped with a
photomultiplier tube (PMT) (Hamamatsu, R928) and uses a 1200 g/mm grating blazed at 900 nm. Three
different spectra were taken under the same experimental conditions. Then, the intensity was computed
by averaging the value of the integral of each spectral curve within the red emission band, and the
maximum deviation was considered as an error. To characterize the laser intensity in the sample, we
measured the laser power with a thermal sensor power meter (Thorlabs, S310C) and the beam size using
the slit scan technique. The beam waist (half width at half-maximum) is around 150 um and the excitation

laser power is 170 mW, leading to a laser irradiance around 240 W/cm?. This allows us to ensure that the
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laser operates well below the excitation saturation intensity of the transition 2F;,, = 2Fs/, for the Yb3*ions,
which is | = Aw/(20Ty,) = 3 kW/cm?, where Ty, = 2 ms is the excited level lifetime, and 0 = 1.7 x 1072° cm?
is the absorption cross-section. We measured the beam divergence along the cuvette path length being
the Rayleigh length roughly 1 mm, smaller than the cuvette path length. Optimum luminescence signal

was recorded when the beam waist is placed in the first half of the cuvette path length.

Upconversion emission lifetime measurements were obtained using the time-resolved photon counting
method. In this experiment, the laser current is modulated to generate excitation pulses of 40 ps with a
repetition rate of 125 Hz. The luminescence emission at 660 nm is detected by the PMT, which is directly
connected (without using a pre-amplifier) to a 50 Q input of a digital oscilloscope (Agilent, DSO9104A).
The signal from the laser current controller is used to trigger the oscilloscope. We developed a MATLAB
program that directly analyses each recorded signal in real-time. This code simulates the discriminator and
the multichannel counter. Upon analysis of more than 5000 trigger signals, we obtain a luminescence
decay curve. Decay curve measurements were repeated at least three times for each sample under the
same experimental conditions.

UV-vis absorbance measurements of the GO samples were performed using a spectrometer (HP 8452) and
1 cm-path length cuvettes. NIR absorbance of the GO samples at 976 nm was measured using a Ge sensor

optical power meter from Thorlabs (S122B) and cuvettes with an optical path length of 3 mm.

Materials

Erbium(lll) chloride hexahydrate (99.9%), ytterbium(lIl) chloride hexahydrate (99.9%), yttrium(lll) chloride
hexahydrate (99.99%), 1-octadecene (80%), oleic acid (90%), sodium hydroxide (98%), ammonium fluoride
(98%), methanol (99.9%), n-hexane (95%), N-(3-(dimethylamino)propyl)-N’-ethylcarbodiimide
hydrochloride (EDC) (99%), and N-hydroxysulfosuccinimide sodium salt (Sulfo-NHS) (98%), K,CO; (98%),
KMnO, (98%), NalO, (99,8%), and DMSO > 99,9% were acquired from Sigma-Aldrich. Graphite flakes
(99.02% of C) were purchased from Qingdao Super Graphite Co., Ltd. GANF nanofibers have been provided
by Carbon Advanced Materials, Grupo Antolin (Burgos, Spain). Commercial GANF® fibers consist of a
stacked cup of carbon nanofibers composed of graphitic ribbons of approximately five graphene layers.
The layers are rolled along the axis of the fiber developing a continuous spiral resulting in a material with
a lower number of stacked graphene layers in its structure, thus constituting an excellent starting material
to obtain a few layers of graphene oxide. ssDNA sequences 5’-aminohexyl-GGCTTAATCCGACCTGACTTCTG-
3’ and the same sequence labelled with Cy3 at the 3’ end were purchased from ATDBio. All the solvents

used in this work were bought from Sigma-Aldrich and used without further purification.



Synthesis of graphene oxides

GO was obtained from two different starting materials such as graphite and carbon nanofibers depending
on the desired [ ratio, which is defined as follows:
C=C(%)
p= C—0(%) + €00~ (%)

Eq.1

A strategy to obtain graphene oxides with different oxidation degrees without using reduction procedures,
which often modify the graphene oxide structure by the incorporation of oxidized groups of reductant
agents, is to employ different starting materials and to use purification procedures.384! Accordingly, to
obtain GO with a B ratio equal to 1 (GO-1), we used as starting material graphite flakes (99.02% of C), while
to obtain GO with a B ratio equal to 1.5 (GO-1.5) and B= 2.6 (GO-2.6), the starting material was GANF
carbon nanofibers. The synthesis procedures were modified Hummer’s methods previously reported.340
Finally, to obtain the most reduced graphene oxide (B=2.6), we have also employed the purification
method reported by Rourke which have been used by our group to produce purified graphene oxides with
oxidation degrees similar to those obtained by chemical reduction.*> X-Ray photoelectron spectroscopy
(XPS) demonstrated that graphene oxide synthesized in this work by graphite oxidation (GO-1) contains
51% of C=C, 42% of C-O groups and 7% of carboxylic groups. The chemical composition of GO-1.5 (f=1.5),
was 61% of C=C, 26% of C-O groups and 14% of COOH groups, while the composition found for GO-2.6
(B=2.6) was 72% of C=C 23% of C-O and 5% of COOH groups respectively.384!

Synthesis of NaYF,:Yb,Er nanoparticles

The synthesis was performed by following a previously reported procedure.*® Yttrium(lll) chloride
hexahydrate (236.6 mg, 0.78 mmol), ytterbium(lll) chloride hexahydrate (77.5 mg, 0.20 mmol) and
erbium(lll) chloride hexahydrate (7.6 mg, 0.02 mmol) were dissolved in a three-necked round bottom flask
with a mixture made of 6 mL of oleic acid and 15 mL of 1-octadecene heated at 160 2C for 90 minutes
under a nitrogen atmosphere. After this time and cooling the flask at room temperature, 10 mL of a
methanol solution with sodium hydroxide (100 mg, 2.5 mmol) and ammonium fluoride (148.1 mg, 4 mmol)
was added dropwise in the reaction under vigorous stirring. This mixture was slowly heated to 100 2C for
30 minutes with nitrogen atmosphere and then 30 more minutes under vacuum. Finally, the flask was
placed in a heating mantle and the temperature was raised to 315 2C for 90 minutes. The mixture was
cooled down to room temperature and the nanoparticles were collected by centrifugation (8500 rpm, 10
minutes) with a mixture of hexane, ethanol and water (2:1:1 in volume). The pellet was dispersed with 5
mL of ethanol and centrifuged in a mixture of ethanol and water (1:1 v/v). This process was repeated three

times. Finally, the purified NaYF,:Yb,Er nanoparticles were dispersed and stored in hexane.



Immobilization of ssDNA chains on the surface of the hydrophilic NaYF,:Yb,Er nanoparticles

With the aim to functionalize the surface of the UCNP with a ssDNA we first performed the Lemieux von
Rudloff reaction, where the oleic acid is oxidatively cleaved to form azelaic acid, which has free carboxylic
groups that provide colloidal stability and anchoring points for the further functionalization.** Briefly, 80
mg of the NaYF,:Yb,Er nanoparticles, capped with oleic acid, were dispersed in a solution made by mixing
30 mL of cyclohexane, 21 mL of tert-butanol, 9 mL of water and 3 mL of 5% K,COs. The resulting mixture
was stirred at room temperature for about 20 min. Then, 9 mL of Lemieux-von Rudloff reagent (5.7 mM
KMnO, and 0.105 M NalO, aqueous solution) was added dropwise and the resulting dispersion was stirred
at room temperature for 40 minutes. The product was then isolated by centrifugation (8500 rpm, 10
minutes) and washed twice with deionized water and ethanol 1/1. Finally, the DNA was covalently
attached to the surface of the nanoparticles by the carbodiimide coupling reaction. In fact the carboxylic
acid (-COOH) groups, in the presence of a carbodiimide such as EDC, react with sulfo-NHS resulting in a
semi-stable sulfo-NHS ester, which further react with primary amines (-NH,).#> This reaction produces a
covalent bond between the carboxylic acid on the surface of the hydrophilic NaYF,:Yb,Er nanoparticles and
the primary amino group at the 5’ end of the probe ssDNA sequence. To activate the surface carboxylic
acid groups, 200 pL of EDC 0.2 M and 400 pL of sulfo-NHS 0.2 M were added to 3.4 mL of DMSO containing
the oxidized NaYF,:Yb,Er nanoparticles (4 mg). 60 pL of ssDNA 58 uM were added to this dispersion and
stirred for 18 hours at room temperature. After this time the reaction was centrifuged and washed with

DMSO for two additional times in order to remove unbound ssDNA.

RESULTS AND DISCUSSION

RET is a physical process where the energy of the donor in its excited state is transferred to a proper
acceptor that is in the ground state and we prepared donor-acceptor pairs based on UCNPs and GO. We
used the thermal co-precipitation method at high temperature to synthesize hydrophobic NaYF,:Yb,Er
upconverting nanoparticles that are dispersible in organic solvents, due to the presence of oleic acid on
their surface acting as capping agent.”* XRD pattern analysis confirmed that the crystal phase of the
synthesized UCNPs is hexagonal B-phase, obtained by matching the XRD pattern with the card JCPDS 16-
0334 (Figure S1). The synthesized nanoparticles are monodisperse in size with a diameter of 32+4 nm
(Figure 1A), and show high crystallinity as can be observed in the high-resolution TEM (HR-TEM) in which
the measured interplanar spacing of 0.52 nm was indexed to (100) plane of the hexagonal NaYF, crystal
(Figure 1B).%¢ In order to obtain the highest RET efficiency between the different synthesized GOs and the

UCNPs, we minimized the distance between the donor (UCNP) and the acceptor (GO) by submitting the
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UCNPs to an oxidative cleavage of the oleic acid that yields azelaic acid as capping agent.** The free
carboxylic groups on the surface of the nanoparticles confer aqueous stability as well as anchoring points

for the ssDNA chains. The presence of these groups gives a Z-potential value of -24 mV.

e
ot
-_'. 50 nm |

Figure 1. A) TEM and B) HR-TEM micrographs showing monodisperse NaYF,:Yb,Er nanoparticles with high
crystallinity.

The upconversion emission obtained after exciting an aqueous dispersion of NaYF,:Yb,Er nanoparticles
with a 976 nm continuous wave laser showed the characteristic green emission peaks at 534 nm and 549
nm (corresponding to transitions 2Hyy/, 2?15/, and 4S;3/, %1555, respectively), and the red emission peak at
654 nm (corresponding to transition %Fg/,—>%;5/,) (Figure S2). The immobilization of the ssDNA on the
surface of the UCNPs was carried out by using the NHS/EDC coupling method, which creates an amide
bond between the carboxylic group of the azelaic acid and the amine of the 5' end of the ssDNA (i.e., NH,-
ssDNA). The coupling between NH,-ssDNA and UCNP was successfully confirmed (see section S2 in the
Supplementary Material). Once the surface of the NaYF,:Yb,Er nanoparticles are functionalized with ssDNA
strands the nanoparticles are able to interact with the surface of the different GOs. It is well-known that
ssDNA interacts noncovalently with 2D nanostructures such as single-walled nanotubes or GO.#-*° The
ssDNA molecules interact with the surface of those nanostructures by means of m-stacking interaction
between the nucleotide bases and the conjugated C-C structure of the GO. Hydrogen bonding can also
take place between the nucleotide bases and the acceptor moieties from alcohols, ethers, carboxylic and
carboxylate oxygen bearing moieties that make the interaction stronger.?> Double-stranded DNA (dsDNA)
has also been proposed to interact with this kind of nanomaterials. However, dsDNA affinity is significantly

lower than the affinity of ssDNA.%%> This difference in the binding interaction is the base for the use of GO



in molecular recognition as well as for the development of biosensors. As a result of these interactions,
the UCNPs are brought in close proximity to the GO surface and the emission of the NaYF,:Yb,Er
nanoparticles is quenched. GO is an efficient luminescence quencher for a variety of fluorophores via non-
radiative resonant energy transfer from the fluorophore to GO. Its large absorption cross section and wide
absorption spectra enables a large spectral overlap, making GO a suitable and versatile candidate acceptor
for different RET biosensors. In our study, we started by characterizing the optical properties of the three
synthesized aqueous suspensions of GO (GO-1, GO-1.5, and GO-2.6), acquiring the UV-vis spectra at

different concentrations, as shown in Figures 2A, 2B, and 2C.
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Figure 2. UV-vis absorbance spectrum of aqueous GO suspensions with different 3 ratios. A) B=1 (GO-1),
B) B=1.5 (GO-1.5), and C) =2.6 (GO-2.6) at concentrations of 0.01, 0.02, 0.03, 0.04, 0.05, 0.1, and 0.2
mg/mL. The measurements were carried out in a 1 cm path length cuvette. The arrow indicates the
direction of the GO concentration increase. D) Absorbance of GO aqueous suspensions at 660 nm as a
function of GO concentration. Grey region shows the range of GO concentrations used for the fitting to

determine the linear absorption coefficients.



It is well-established that the UV spectrum of GO exhibits two characteristic bands that can be used to
estimate the oxidation degree of graphitic samples. GO-1 presents one main peak between 220-230 nm
that arises from the m-nt* transition of the C=C bonds of the sp? regions, and a shoulder around 260 nm
due to n-rt* transitions of the C=0 and C-O bonds of the sp3 regions (Figure 2A). As can be seen from Figure
2B and 2C the main absorption peak is red shifted when increasing the GO oxidation degree (f ratio). This
shift is due to the restored electronic conjugation, at least to some extent, within the carbon framework
of the GO sheets upon their reduction.>>*? GO-2.6 shows a significant decrease in the intensity of the main
peak with a concomitant increase of the absorbance for the whole range of wavelengths. Such change is
probably due to the aggregation experienced by GO-2.6 because of the augmented graphene character
and the lower Z potential exhibited by this GO, being the Z-pot -17 mV for GO-2.6, -31 mV for GO-1.5, and
-37 mV for GO-1. The linear absorption coefficient of these GOs samples at 660 nm has been determined
following the Lambert-Beer law. The values obtained (see Figure 2D) agree with typical values found in
previous works.>3>* The above results would seem to indicate that the inner filter effect could have a
tremendous impact on the measured upconverting emission intensity during the quenching experiments,
hiding the possible impact of the energy transfer mechanism over the luminescence quenching. For this
reason, the UCNPs luminescence quenching induced by the three GOs (GO-1, GO-1.5, and GO-2.6) was
measured. Figure 3A shows the red band upconversion luminescence spectra in absence of GO, as a
reference (black line), and after adding 0.2 mg/mL of the different GOs. A huge luminescence decrease is
observed, being higher for the more reduced GO sample (GO-2.6). Left axis in Figure 3B shows the
luminescence intensity of the samples containing GO, lgo (calculated by integrating the UCNPs
luminescence spectrum in the presence of GO) normalized to the reference, |, (i.e. integrated
luminescence spectrum of UCNPs alone), as a function of the 3 ratio. We also calculated the luminescence
guenching efficiency (shown on the right axis of Fig. 3B) as

o

E=1—K Eq. 2

GO-2.6 has the highest luminescence quenching with a value of 96%, while graphene oxide with a B ratio
of 1.5 quenched 85% of the initial emission and GO-1 quenched 64%. Increasing the amount of C
hybridised as sp?, and as consequence the n-mn electrons, translates in a larger quenching. These results
suggest that two effects may be favoured when increasing the B ratio: First, more n—stacking interactions
between the ssDNA free nucleobases and GO will increase the RET efficiency, as more ssDNA-UCNPs would
be adsorbed. Second, greater absorption at 660nm, as obtained for higher [ ratios, will increase RET
efficiency since higher values of the overlap integral between the donor (UCNP) and the acceptor (GO)
absorption spectra are obtained. Figure 3C shows the luminescence quenching efficiency achieved at

different GO concentrations. A strong increase of quenching efficiency with concentration is observed up
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to a concentration of around 0.1 mg/mL, above which a plateau is reached. For all concentrations, GO-2.6
showed the highest quenching. We corroborated that both UCNPs’ emission bands, red and green, are
affected by the same factor leading to the similar quenching values for the different B ratios (see Section

S3, Figure S3). In this work, we focused on the red emission band.
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Figure 3. A) Luminescence emission (red band) of UCNPs in H,0 (0.1 mg/mL) without GO (black line) and
with 0.2 mg/mL of GO-1 (red line), 0.2 mg/mL of GO-1.5 (blue line), and 0.2 mg/mL of GO-2.6 (green line).
B) Luminescence intensity normalized with the reference one (left axis); and luminescence quenching
efficiency calculated using Eq. 2 (right axis) as a function of B ratio at 0.2 mg/mL of GO. C) Luminescence
quenching efficiency achieved at different GO concentrations. The error bars were obtained through the
intensity error computed by the maximum deviation from three different spectra taken under the same

experimental conditions.
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Quenching efficiency obtained from steady-state luminescence spectra measures the total quenching
which, in principle, is not only due to energy transfer processes but also to inner filter effect. In order to
evaluate the contribution of RET to the luminescence quenching of UCNPs by GO, we measured the
fluorescence lifetimes from the fluorescence decay curves at 660 nm with and without GO. The quenching
efficiency was calculated as

TG0

F=1—— Eq.3

To
where 1, is the lifetime of the UCNPs red emission in the absence of GO, and 14, is the lifetime when GO
is present. The shorter the UCNP fluorescence lifetime in the presence of GO, the larger the RET, as it
would transfer more efficiently its energy to the nearby GO sheet experiencing a faster decay. As an
example, Figure 4A shows the UCNPs luminescence decay signals in the absence (black curve) and
presence (green curve) of GO-2.6. A faster UCNPs luminescence decay time is observed when GO is present
(see Figure 4A, inset), due to the RET phenomenon. Lifetimes were obtained by fitting the decay curves to
an exponential function (see Figure S4 in Supplementary Material). Table 1 shows the lifetime of the
ssDNA-NaYF,:Yb,Er without GO and after the addition of 0.2 mg/mL of GO with different oxidation ratios;

as well as the RET efficiency.

Table 1. Lifetime of the ssDNA-NaYF,:Yb,Er without GO, lifetime of the ssDNA-NaYF,:Yb,Er after the

addition of 0.2 mg/mL of GO with different oxidation ratios; and RET efficiency obtained from lifetime

measurements.
Without GO GO-1 GO-15 GO-2.6
Lifetime () 319.6+1.8 308.6+2.2 | 292.7+18 282.4+33
RET efficiency (%) 35+1.2 84+1.2 116+15

The quenching efficiency calculated from the lifetime (Eq. 3) was plotted against the GO [ ratio in Figure
4B (squares) showing a higher quenching efficiency as the GO [ ratio increases. For comparative purposes,
we also plotted in Figure 4B (circles) the quenching efficiency obtained from the steady-state luminescence
spectra (Eq. 2). These results demonstrate that the RET phenomenon plays only a secondary role within

the observed global quenching.
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Figure 4. A) Luminescence decay signal at 660 nm in the absence (black) and presence (green) of GO-2.6
(0.2 mg/mL). (Inset) The lifetime as a function of the GO J ratio. Lifetime error bars are the standard
deviation computed from around 35 fits within the same decay curve (see Supplementary Material S4 for
fitting procedure). B) Squares represent the quenching efficiency induced by RET and measured through
luminescence decay signals, Eq. 3. Error bars were computed through the lifetime errors. Circles represent

the quenching efficiency shown in Figure 3B measured through the steady-state spectra, Eq. 2.

As shown in Figure 2, GO suspensions present significant absorption along the whole range of scanned
wavelengths, especially GO-1.5 and GO-2.6 suspensions. Thus, one would expect a considerable
reabsorption of UCNPs' luminescence (red emission around 660 nm in this case). Furthermore, absorption
produced by the GO aqueous suspensions at the excitation wavelength could also lead to luminescence
quenching. In order to determine the influence of the absorption by GO in the upconverting luminescence
guenching, we measured the absorbance at the excitation laser wavelength 976 nm, A,,, for the three GO
aqueous suspensions at a concentration of 0.2 mg/mL (see Figure 5A). Interestingly, the absorbance is still
relatively high at the excitation wavelength, with measured values around 0.1, 0.2, and 0.43 for GO-1, GO-
1.5, and GO-2.6, respectively. We have also corroborated that the contribution of the scattering at the
excitation wavelength is negligible (see Figure S5). Note that part of the luminescence quenching
measured on Figure 4B could be due to the reduced number of 976 nm photons able to reach the UCNPs,
being this especially relevant for GO-2.6. It is important to note that photon upconversion, energy transfer
upconversion (or ETU) in our case, is a non-linear multi-photon process that can be highly affected by the
reduction of the power density pumped to the UCNPs. Therefore, the total upconversion luminescence

quenching observed in our experiments can be mainly ascribed to three different contributions: the GO
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absorption of the excitation beam, the GO absorption of the UCNPs luminescence, and the RET

phenomenon. Then, the decrease of luminescence can be written as

leo / 1o = Fex (N/Mo) Fem Eq. 4
where the factor F., accounts for the excitation beam transmittance through the sample, F., accounts for
the transmittance of the luminescence beam through the sample, and the decrease of intrinsic quantum
yield n/no accounts for the RET to the GO, which decreases the luminescence decay time. All these
contributions increase with the B ratio. As a first approach, we estimated the inner filter contributions by
means of the transmittance of the excitation beam and the transmission at the UCNPs' red emission
wavelength (i.e. 660 nm) through the aqueous GOs samples. By using the absorbance at the excitation
wavelength of GO samples, A, given in Figure 5A, we computed the attenuation excitation factor F.,=10
(Aex/0.3cm)*L*2 \where L is the distance traveled by the beam inside the sample until its waist. The exponent 2
in Fe, accounts for the quadratic behavior of the upconversion emission with the excitation intensity. This
fact, characteristic of upconversion process, makes more relevant the excitation beam absorption in
comparison with typical fluorescence processes. By using the GO absorption spectra of Figure 2 to obtain
the absorbance at the UCNPs luminescence red band (A..,), we computed the attenuation emission factor
Fem=10"Aem/1Icm)*L \where the distance travelled by the luminescence inside the sample from the laser waist
L was considered as a fitting parameter. In fact, we obtain a value L=0.22 cm which roughly agrees with
the beam waist position inside the cuvette observed by eye, as explained in the Experimental Section
(Methods). We plotted in Figure 5B the quenching efficiency achieved by each one of the two inner filter
effects and the result of both contributions together, which nearly explain the whole quenching observed

in the experiments.>>°6
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Figure 5. A) Absorbance at the excitation wavelength (976 nm) of GO agqueous suspensions as a function
of the B ratio. The measurements were carried out in a cuvette with 3 mm path length at a GO
concentration of 0.2 mg/mL. Error bars correspond to the maximum deviation of three different
measurements taken under the same experimental conditions. B) Quenching efficiency achieved by each
one of the two inner filter effects (blue bar: quenching due to absorption of excitation; green bar:
guenching due to reabsorption of luminescence emission), and the result of both contributions (grey bar)
versus the B ratio. For comparison, the quenching efficiency obtained from the spectra (circles) and decay

signals (squares) shown in Figure 4B are also plotted in this figure.

We found that UCNP-GO as donor-acceptor pair reaches a RET-induced upconversion luminescence
guenching with an efficiency of the order of 10%. Although this is a significant value, quenching achieved
by RET could be limited by the interplay between the optimum RET distance and the size of the UCNP. In
order to theoretically study this point, we estimated the nonradiative energy transfer rate from the UCNP
to the GO.5” We used the RET rate carried out by Gaudreau et al. by means of a semiclassical model which
describes the radiated power of a classical dipole emitter (in our case Er3* ion) coupled to a nearby thin
film (in our case GO). Then, the RET rate from an individual donor Er3* ion to an acceptor GO, ', is

rér 3

1 23
Ty — 12873 Im(EGO_a)tE Eg.>5

where Iy is the Er3* radiative decay rate without GO, A is the luminescence emission wavelength (660 nm),
t is the thickness of the GO film (in the order of a nanometer), g¢g is the permittivity of GO at 660 nm,
which should depend on the B ratio, and d is the distance from the Er3* ion under consideration to the GO
surface.®® |n this expression, we have averaged over all possible dipole orientations with respect to the
GO surface. This RET rate exhibits the typical d* scaling for thin films. The quenching efficiency EF (i.e.
regarding the theoretical quenching by RET) and the intrinsic quantum yield & for each single Er3* ion is
T

= Eq. 6
TE + 1/710

Er

nET 1 E 7
Mo~ 14 noTE g

where 1, is the intrinsic quantum yield in absence of GO. We took a value of 1y=0.1 and a complex
refractive index of GO from literature equal to n=1.7 and k=0.2 which allows us to determine the GO
permittivity.>®>° We plotted in Figure 6A both magnitudes, EF" (left axis - violet line) and N (right axis -
green line), as a function of the ion distance to the GO surface. The distance at which 50% of excited ions

are deactivated by RET to GO (E¥'=0.5) is close to 10 nm. It is important to remember that our UCNPs are
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32 nm in diameter, so this means that only a portion of the UCNP can suffer a significant RET process since
most of the Er®* ions are at larger distances. To estimate the global quenching efficiency of the whole
UCNP, we averaged the efficiency of each Er3* ion inside the nanoparticle. Ng, is the number of Er3* ions
inside the nanoparticle given by Ng, = f;rm-Np/W = 5719 where W = 205.3 g/mol is the molar weight of
NaYF,:Yb/Er, and m = (4n/3)-a3paye = 10716 g is the mass of the UCNP, with a = 18 nm the UCNP radius and
pnave = 4.2 g/cm3 the NaYF, crystal density. The fraction of Er3* ions was estimated by the amount of Erbium
added to the synthesis being fg, = 0.019. This estimation procedure has been validated in a previous work
by means of X-Ray energy dispersive spectroscopy measurements.® In our model, we generated a uniform
random distribution of Er3* ions inside the UCNP, which was placed above a GO sheet at a very close
distance (2 nm). The distribution of Er3* ions (points) inside the UCNP is shown in Figure 6B. The quenching
efficiency of every Er3* ion (EF") is represented by its color (see color bar in Figure 6). The ions placed very
close to the southern hemisphere suffer a strong quenching, i.e., have a large quenching efficiency. The
luminescence decay signals coming from these ions (with faster decays) have a very small amplitude in
comparison with the ones coming from the non-affected ions (Er3* ions at the north hemisphere), which
decay at the original lifetime (see blue lines in Figure 6B). Therefore, the measurement of the lifetime

change in the UCNP-GO sample should be computed by a weighted average taking into account the
<EErnEr)NEr

( TIEr>NEr

individual luminescence intensity of each ion given by nf'/n,, that is, E,, = , being the value 0.13

which is in good agreement with the values found in the experiments (E=0.116 or 11.6%).

We found in our experiments that RET increases with [3 ratio, meaning that a maximum RET efficiency will
be obtained in the limit of f=100%, i.e., when using graphene. We theoretically calculated the RET rate
from an Er3* ion to graphene using the work by Gaudreau et al.>” showing a correlation between RET
increases and the [ ratio. The RET rate from an Er3* ion to graphene can be described following the same

previous study:

T 3a N

r, = m(&) Eq. 8

where a=1/137 is the fine-structure constant and ¢ is the surrounding medium permittivity. The Er3* ion
guenching efficiency and intrinsic quantum yield as a function of its distance to graphene are plotted in
Figure 6A (dashed lines). The resulting curves showed similar behavior than the previous analyzed case of

GO. In particular, the weighted average quenching efficiency leads to a value of 0.16.
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Figure 6. A) Simulated quenching efficiency (violet line, left axis) and simulated quantum yield (green line,
right axis) of an Er3*ion as a function of its distance to the GO (solid lines) or to the graphene (dashed line).
B) Simulated distribution of the quenching efficiency of each Er3*ion inside the UCNP placed at 2 nm above
the GO surface. Blue lines represent luminescence decay signals coming from Er3* ions placed at different
positions inside the UCNP. C) Simulated quenching efficiency of the UCNP, Ew, as a function of the UCNP

diameter when interacting with GO (solid line) and graphene (dashed line).

Our results seem to indicate that the size of the UCNP limits the RET efficiency in this system. A strategy
to improve the RET efficiency could be to decrease the UCNP size. Then, the fraction of active ions that
exhibit an efficient energy transfer increases. Let us corroborate this point by using the above theoretical
approach. We varied the size of the UCNP, while keeping the rest of parameters constant. Note that the
intrinsic quantum yield nq of the UCNPs is expected to change with the particle size. Previous studies have

found a variation of the total decay rate of the Er3* emitting level with the surface area to volume ratio of
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the UCNP.%162 We used the data measured by Zhao et al. to compute the total decay rate and estimate the
variation of the intrinsic quantum yield.®®* We took a radiative decay rate of 2 ms. Figure 6C shows the
quenching efficiency Ew of the UCNP as a function of its diameter. The RET increases as the size of the
UCNP decreases. In particular, small UCNPs with diameter around 20 nm would reach a value of Ew=0.35.
For the sake of completeness, we also plotted Ew for the case of graphene, which shows a similar behavior

but with larger values of Ew than GO.

CONCLUSIONS

In this work we have analyzed the different mechanism that produce quenching of the UCNPs emission by
GO. Based in the general assumption that this quenching is mainly governed by RET between the UCNPs
and GO,?”?® we hypothesized that quenching efficiency will depend on GO J ratio compositions (Eg. 1).
Our results demonstrated that the increase of the GO [ ratio is accompanied by a corresponding increase
in the RET efficiency. However, we have found that the observed luminescence quenching is not only the
result of RET from UCNPs (donors) to GO sheets (acceptors), but it is a contribution of several mechanisms
that cannot be neglected, namely the absorption of UCNPs excitation and emission by GO due to inner
filter effect. Interestingly, RET seems to have the lowest contribution to quenching for all the GO
compositions tested, which is a surprising finding when considering that this system, and the biosensors
based on it at similar GO concentrations, are often regarded as sensors based on this phenomenon.'® The
inner filter effect given by GO, especially the absorption of the excitation beam, has a large impact on
UCNPs compared with traditional fluorophores, due to the quadratic nature of the upconversion
mechanism of red emission.®* Theoretical analysis of the UCNPs-GO system has revealed that UCNPs' size
is the main limitation towards obtaining high RET values, due to the spatial distribution of Er3* ions (i.e.
emitters) within the UCNP, which makes them to experience different quenching efficiencies depending
on their distance to the GO sheet. The majority of Er3* ions are located too far from the GO sheet to be
affected by the RET process. Further studies on the optimal distribution of the Er3* ions in the UCNPs is
underway, in order to maximize the emission quenching by RET aiming to develop more sensitive sensors.
Finally, we have drawn the attention to the lifetime measurements, a commonly used technique to
characterize energy transfer processes in UCNPs, which should be computed taking into account not only

the lifetime of each ion but its individual luminescence intensity.
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