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Single-nanocrystal sensitivity achieved by
enhanced upconversion luminescence

Jiangbo Zhao', Dayong Jin'*, Erik P. Schartner?, Yiging Lu', Yujia Liu'3, Andrei V. Zvyagin',
Lixin Zhang', Judith M. Dawes', Peng Xi*#, James A. Piper', Ewa M. Goldys' and Tanya M. Monro?

Upconversion nanocrystals convert infrared radiation to visible
luminescence, and are promising for applications in biodetec-
tion"3, bioimaging®’, solar cells®'° and three-dimensional
display technologies®°", Although the design of suitable nano-
crystals has improved the performance of upconversion nano-
crystals'®12-14, their emission brightness is limited by the low
doping concentration of activator ions needed to avoid the lumi-
nescence quenching that occurs at high concentrations' S,
Here, we demonstrate that high excitation irradiance can allevi-
ate concentration quenching in upconversion luminescence
when combined with higher activator concentration, which
can be increased from 0.5 mol% to 8 mol% Tm>" in NaYF,.
This leads to significantly enhanced luminescence signals, by
up to a factor of 70. By using such bright nanocrystals, we
demonstrate remote tracking of a single nanocrystal with a
microstructured optical-fibre dip sensor. This represents a
sensitivity improvement of three orders of magnitude over
benchmark nanocrystals such as quantum dots".

Lanthanide-doped upconversion nanocrystals®® are typically
doped with ytterbium (Yb*") sensitizer ions, which absorb infrared
radiation and non-radiatively transfer their excitation to activator
ions such as erbium (Er’ ™), thulium (Tm>") or holmium (Ho>™).
Although recent advances in synthesis have led to accurate control
of upconversion nanocrystal morphology, crystal phase and emis-
sion colours!M131618-21 it has been difficult to achieve strong
upconversion luminescence. Attempts to overcome this problem
include coating nanocrystals with an inert/active shell to minimize
surface quenching!?!*?23, or using noble metal nanostructures to
enhance the energy transfer rate by surface plasmons*?.
However, these approaches do not address the intrinsic limitation
of concentration quenching!>!'®!8, where brightness decreases with
increasing dopant density beyond the optimal concentration
threshold. The optimal Tm>* concentration in NaYF, host lattices
is low, in the range of ~0.2-0.5mol% at excitation irradiance
below 100 W cm ™2 (with ~20-40 mol% Yb>*)1626-2°_ Such nano-
crystals have small numbers of activators and therefore produce
weak upconversion emission.

Here we present evidence that upconversion luminescence can be
significantly enhanced by using much higher activator concen-
trations under relatively high-irradiance excitation. We have found
that this previously unexplored regime achieves a new balance
between the sensitizers, activators and excitation irradiance, and
can overcome the widely reported concentration quenching in
upconversion!>1618:26-29 " Ag a result, it has been possible to realize
high bright upconversion luminescence in 8 mol% Tm>*-doped
NaYF, nanocrystals co-doped with 20 mol% Yb’". Their high

brightness originates from a combination of high excitation inten-
sity, increased activator concentration, and accelerated sensitizer—
activator energy transfer rate arising from the decreased average
minimum distance between adjacent Ln>" ions. This significantly
enhanced upconversion has enabled the remote detection of a
single nanocrystal using a fibre dip sensor.

Hexagonal-phase NaYF, nanocrystals were synthesized with
Tm>" concentrations in the range ~0.2-8 mol% co-doped with
20 mol% Yb>* (Supplementary Section S1 and Fig. S1). A single-
mode continuous-wave 980 nm diode laser beam launched into a
suspended-core microstructured optical fibre (Fig. 1) produced exci-
tation irradiance values of up to 2.5 x 10° W cm ™2, The uniform
~40 nm nanocrystals dispersed in cyclohexane (39 pM) were
drawn into the holes in the fibre for upconversion luminescence
measurements (Supplementary Section S2). This brings the nano-
crystals into the vicinity of sufficiently high intensity guided light,
and also provides a platform suitable for efficiently collecting their
emission. At 2.5 x 10° W cm™? irradiance, we observed that the
8 mol% Tm>" nanocrystals generate a previously unreported
bright upconversion emission that is much stronger than in
0.5mol% Tm®" nanocrystals (the 802 nm emission is increased
by a factor of 70, Fig. 1c). In contrast, at a low excitation
of 10 Wcem ™2 our results (Supplementary Fig. S2) show that
the upconversion intensity as a function of Tm>" concentration
first increases and then decreases above 0.5 mol% Tm", consistent
with previous reports'®26-2. This observation indicates that efficient
upconversion emission can be realized at a high activator doping,
but only when sufficient irradiance is provided (~1 x 10° W cm™2,
achieved in laser scanning microscopy). Sufficient excitation irradi-
ance can unlock otherwise dark activators, thereby enhancing the
upconversion brightness (Supplementary Fig S3). This effect is
independent of nanocrystal size (from tens to several hundreds of
nanometres), surface conditions and synthesis conditions
(Supplementary Sections S3, S4, Figs S3-S7).

To understand the relationship between the upconversion signal,
activator concentration and excitation irradiance, we collected a matrix
of power-dependent (1.6 x 10*Wcm ™% to 2.5x 10°W cm ™ ?)
luminescence spectra for same sized ~40 nm upconversion nano-
crystals at varying Tm’" concentrations. The spectra, which are
similar to those in Fig. 2b were decomposed into individual
Gaussian peaks (Fig. 2c). These were divided into three groups
according to the initial Tm®" levels: the *H, group, comprising a
single peak at 802 nm, the 'G, group, with 650 nm and 480 nm
peaks, and the 'D, group, with peaks at 455 nm, 514 nm, 744 nm
and 782 nm (see Fig. 2a for a simplified diagram of transitions in
the Yb>*-Tm>" system). The integrated intensity ratios of the 'D,
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Figure 1 | Highly Tm3*-doped NaYF, nanocrystals exhibit enhanced upconversion in a suspended-core fibre. a, Transmission electron microscopy images of
monodispersed NaYF,:Yb/Tm nanocrystals at different doping levels. All nanoparticles have a similar average size with a narrow size distribution.

b, Schematic of the experimental configuration for capturing upconversion luminescence of NaYF,:Yb/Tm nanocrystals using a suspended-core
microstructured optical-fibre dip sensor. The continuous-wave 980-nm diode laser is targeted at the suspended core. Light propagates along the length of the
fibre and interacts with the upconversion nanocrystals located within the surrounding holes. The excited upconversion luminescence is coupled into the fibre
core and the backward-propagating light is captured by a spectrometer. Inset: scanning electron microscope images showing a cross-section of the F2
suspended-core microstructured optical fibre at different magnifications. The fibre outer diameter is 160 pm with a 17 um hole and 1.43 um core.

¢, Upconversion spectra of a series of NaYF,:Yb/Tm nanocrystals with varied Tm>* concentrations under an excitation irradiance of 2.5 x 10° W cm ™2,

2

showing a steady increase in upconversion luminescence with increasing Tm>" content from 0.2 mol% to 8 mol%.

to *H, and 'G, to *H, groups (Fig. 2d) show a decreasing contri-
bution of emissions from the 'G, and 'D, groups with increasing
Tm’* content compared to *H, emission. This suggests that the
respective population ratios of 'D, and 'G, levels to “H, decrease
in these conditions, to a point where the 8 mol% Tm®" nanocrystals
mainly produce the *H, (802 nm) emission within our excitation
range. We also note that the emission ratios of 'G, H, and
'D,”H, increase with excitation irradiance in all samples. This
suggests that, with increasing excitation irradiance, the population
of 'D, and 'G, levels increases faster than the population of *H,
These trends also suggest that a low activator concentration causes
an energy transfer bottleneck: at increasing excitation powers the
’H, level eventually reaches its full capacity to release the 802 nm
emission energy (Fig. 2e), and, in order to release any additional
energy transferred from Yb’", the higher energy level emissions in
Tm’" ('G, and 'D,) become progressively activated. At higher
Tm>* concentrations the decay rate of the *H, population increases,
and this shifts the bottleneck to proportionately higher
excitation energies.

Moreover, we have confirmed that the absolute conversion effi-
ciency strongly increases with increasing irradiance, which is attrib-
uted to increased excited-state populations of sensitizer and
activator ions. The absolute conversion efficiency is defined as the
ratio of the emitted to absorbed power (Supplementary Section S5
and Fig. $8)'“. The absolute conversion efficiency in the low concen-
tration (0.5 mol%) sample reaches a plateau at 3 x 10> W cm ™2,
whereas in the high concentration (4 mol%) sample it continues
to increase within this range. We also measured the power-
dependent relative upconversion efficiency for the different nano-
crystal samples (Fig. 3a). Increasing the excitation irradiance from
1.6 x 10*Wem > to 2.5x10°W cm™? enhances the overall
upconversion luminescence intensity by factors of 5.6, 71 and
1,105 for 0.5mol%, 4mol% and 8 mol% Tm’", respectively.
Additionally, this figure indicates that the partitioning of excitation
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energy flux between the ‘effective’ 980 nm quanta actually produ-
cing upconversion and those 980 nm quanta that are lost on other
processes (such as various non-radiative recombination and unob-
served emissions) changes dramatically with excitation irradiance
and concentration of Tm>" ions. Importantly, at high excitation
and high Tm** doping level, the fraction of excitation energy pro-
ducing upconversion emission is increased. This shows that upcon-
version is more efficient at high excitation and for high Tm>*
doping. The effect is observed to be especially strong for the
8 mol% Tm’" samples, as is evident from the extremely steep
slope above 2 x 10°W cm™? excitation irradiance. Figure 3b
shows the same integrated upconversion intensity per Tm>*" ion
for different Tm>" doping levels. Although the observation of sig-
nificant enhancement in upconversion intensity from 0.2 mol% to
1 mol% may be due to the fact that upconversion from five
photon excitations, previously reported in 0.2 mol% Tm>" (refs
30-32), was not collected in this work, the increase from 1 mol%
to 2 mol% clearly shows that the energy transfer efficiency from
Yb** sensitizers to Tm> T activators has been significantly enhanced.
This work has therefore shown that the decreased excited sensitizer-
to-excited activator distance has indeed increased the energy trans-
fer efficiency, which makes a significant contribution to enhancing
the overall conversion efficiency.

To verify that increasing the excitation irradiance enhances the
upconversion luminescence and changes the optimal activator/sen-
sitizer concentration ratio, we formulated the rate equations in a
generalized upconverting Yb’*-Ln** system (Supplementary
Section S6 and Fig. S9a). In our model the lanthanide ion (activator)
is represented by three states—Ln,), Ln; and Ln,—with equal energy
spacing E,—E, = E, —E,, and the upconversion emission takes place
from the excited Ln, state to the ground Ln, state. The lanthanide
ions are excited by energy transfer from the excited states of Yb>*
(Yb,) populated by transitions from the ground-state Yb,, which
have the same energy spacing of E, —E,. Using our rate equations,
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Figure 2 | Analysis of power-dependent multiphoton upconversion. a, Simplified energy-level scheme of NaYF,:Yb/Tm nanocrystals indicating major
upconversion processes. Dashed lines indicate non-radiative energy transfer, and curved arrows indicate multiphonon relaxation. b, Typical evolution of
spectra for 1mol% Tm>" as a function of excitation, showing substantial growth of emissions from the 1G4 and 1D2 levels with increasing excitation from
1% 10* Wem™2 to 2.5 x 10 W cm 2. ¢, Decomposition of the spectra into individual Gaussian peaks. Integrated intensities are given by I, where A is the
peak wavelength. Different transitions are indicated by the colours shown in the energy-level scheme in a. For example, the shaded area represents the
®H, — 3H, transitions. d, Intensity ratios of the 'D, to H, classes (sss + lsiz + lag + l782)/ g, and 'G, to 2H, classes (g0 + lge0)/Igo,) @s @ function of
excitation irradiance. e, Diagram illustrating energy transfer between the ensemble of Yb>* and Tm>* ions and subsequent radiative and non-radiative
pathways. Top (bottom) panels: low (high) Tm>*/Yb>" ratio. In the case of a low Tm>*/Yb>" ratio, the limited number of Tm>" ions creates an energy
transfer bottleneck, due to the limited capacity of Tm*>" to release energy from the 3F4 and 3H4 states. Thus, at increasing excitation, alternative energy loss
channels (radiative and non-radiative) involving higher states 164 and 1D2 progressively switch on. Brown, excitation light; green, simplified energy levels; red,
blue and purple, radiative energy flux; grey, radiative flux not observed in this work; black, non-radiative energy loss.
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Figure 3 | Analysis of power-dependent upconversion efficiency. a, Integrated upconversion luminescence intensity (~400-850 nm) as a function of
excitation irradiance for a series of Tm>*-doped nanocrystals. All samples have the same volume and number of nanocrystals. b, As in a, but divided by the
concentration of Tm*>" ions. Under an excitation irradiance of 2.5 x 10° W cm ™2, 2 mol% Tm>" has the highest relative upconversion efficiency, whereas the
strongest upconversion signal is observed in 8 mol% Tm>" due to the larger number of activators available with sufficient excitation.

the population in the Ln, state is expressed in terms of the density of ~ constants, such as the energy transfer and upconversion rates. The
lanthanide ions in the ground state, the excited Yb*" population, experimental and simulated upconversion luminescence intensities

excitation irradiance and various intrinsic macroscopic rate show concentration quenching at low irradiance, but increase at
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Figure 4 | Detecting a single nanocrystal in a suspended-core microstructured fibre dip sensor. a, Results of 10 trials of loading 3.9 fM nanocrystal solution
into the fibre dip sensor. Four positive trials, shown in red, magenta, dark red and orange, show comparable ~800-810 nm emission peaks, and six trials
result in consistent background noise baselines (presented in the remaining colours). The baseline level is due to scattering of 980-nm excitation.

b, Normalized nanocrystal emission integrated from ~800 to 810 nm. The four positive trials shown in red, magenta, dark red and orange produce intensities
of ~250 with a low coefficient of variation (CV) of 4.7%, and high signal-to-noise ratio of >8. ¢, Time-dependent dynamics of three independent trials. Red:
trial with no nanocrystals observed (only background is observed). Blue: one nanocrystal appears shortly after the start of the trial. Black: single nanocrystal
appears in the fibre after 2 min, followed by a second at ~5 min; one of the nanocrystals then exits the observation volume.
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Figure 5 | Proof-of-principle experiments demonstrating a broad spectrum of applications. a, Images of Giardia lamblia cells labelled with antibody-
conjugated 4 mol% Tm>" upconversion nanocrystals under transmission (top) and luminescence (bottom) modes. The 980-nm wide-field excitation and
upconversion detection yield negligible autofluorescence background, so absolute signal intensities of each single microorganism (see histogram in ¢) provide
quantification of the level of surface antigens. b, Individual cells localized on a glass slide by a scanning cytometry system (top), and its schematic (bottom).
Targeted cells are symbolized by blue dots. €, Histogram showing the quantification results of the population of nanocrystal-labelled Giarida lamblia (CV,
coefficient of variation). d, Demonstrations of security inks using the power-dependent optimal Tm>" concentration. Low-concentration (0.2 mol% Tm>")
nanocrystals were used to stain the masking pattern (University of Adelaide logo), which is visible under both low-power illumination (top) and high-power
illumination (bottom). High-concentration (4 mol% Tm>*) nanocrystals were used to stain the hidden pattern (Macquarie University logo), which is over 10
times brighter than the masking pattern. At this dynamic range the masking pattern is almost unnoticeable. e, Nanocrystal solution ‘security inks' were used
in an inkjet printer with 0.5 mol% Tm>" nanocrystals as a rectangular mask to confound the signal image from 8 mol% Tm>" nanocrystals. At laser scanning
confocal setting (>1 x 10° W cm™2), the hidden trademark image of the 8 mol% Tm>" nanocrystals becomes visible and dominant.

high irradiance, in agreement with our observations
(Supplementary Fig. S9b-f). Moreover, the simulations show
increasing relative upconversion efficiency with increasing exci-
tation irradiance (Supplementary Fig. S9g), which is in agreement
with Fig. 3a. To the best of our knowledge, this is the first analytical
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approach to describe the upconversion quenching process at
increasing activator concentrations and excitation powers.

We have demonstrated that these bright nanocrystals can signifi-
cantly extend the detection limit in a fibre-based dip sensor, a novel
nanoscale sensing platform for clinical point-of-care, chemical and
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biological applications'”. The detection limit for fluorescent
quantum dots in such sensors was earlier reported to be ~10 pM
due to competing autofluorescence background from the fibre
itself. In this work the fibre autofluorescence problem is avoided
by using 980 nm excitation and 802 nm emission of Tm>*, wave-
lengths that are well separated from the glass background fluor-
escence (Supplementary Fig. S11). To investigate the achievable
detection limit, we measured our brightest 8 mol% Tm’* nanocrys-
tals at 3.9 fM dilution in ten identical fibre dip sensors
(Supplementary Section S8). The respective 802 nm peaks
(Fig. 4a) show a consistent intensity of 250+ 30 counts in four
experiments, whereas six other experiments show a consistent back-
ground level of ~30 counts (Fig. 4b). We attribute these strongly
quantized values of the peak intensity (~220 net counts) to the
observation of single nanocrystals in these four trials. To confirm
this hypothesis we calculated the average number of particles
expected to be located within the detection volume in a microstruc-
tured fibre, and found this to be 0.55, consistent with our obser-
vations of a single nanocrystal in 40% of trials. The Poissonian
probability of observing two or more nanocrystals in a single trial
for our average of 0.55 particles is 11%. To validate our assignment
further, we set up an experiment to continuously monitor the
802 nm upconversion intensity during sample intake as the holes
of the fibre fill with the nanocrystal suspension by capillary action
(Fig. 4c). One of these trials (red) showed the background signal
only, indicating that in this trial no nanocrystals entered the detec-
tion volume. The second (blue) showed a single nanocrystal appear-
ing in the detection volume halfway through the experiment. The
third (black) showed one nanocrystal entering the detection
region, followed by a second one after 6 min; one nanocrystal is
then observed to exit while the other continues to be observed.
The signal of both combined nanocrystals is 470+30 (440 net
counts), twice the single nanocrystal net count of 220. These exper-
iments show that high brightness of upconversion emission
achieved at sufficient irradiance excitation enables, for the first
time, the detection of a single high Tm>"-doped nanocrystal
within the fibre platform. Furthermore, these single nanocrystals
are bright enough to be visible to the naked eye and could be
recorded by a low-cost digital camera in a wide-field microscopy
system (Fig. S10 in Supplementary Section S7).

This exceptional nanocrystal brightness provides compelling
advantages to a wide range of fields including immunofluorescence
imaging (Fig. 5a), rare event cell detection and quantification
(Fig. 5b,c), document security (Fig. 5d) and security printing
(Fig. 5¢). We demonstrated that the new ultrabright upconversion
nanocrystals provide high-contrast biolabels. To this end, Giardia
lamblia cells were labelled by nanocrystals conjugated to suitable
monoclonal antibodies (G203). Figure 5a shows the labelled
Giardia cells imaged by a scanning system at only 0.1 s exposure
time by a standard charge-coupled device (CCD) camera. The
absence of autofluorescence background at 980 nm excitation
enabled the quantification of the absolute signal intensities of
each single microorganism, as well as quantification of the level of
surface antigens (Fig. 5¢)**. Single labelled cells on a glass slide
have been detected within 3 min without background interference
(Fig. 5b). This shows that these bioprobes are capable of rare
event detection. Moreover, excitation-dependent upconversion has
also enabled a new approach to ‘security inks’ (Fig. 5d,e), because
the highly doped (>4 mol%) Tm’" nanocrystals remain dark
unless high infrared excitation irradiance is used, in contrast to
low doped nanocrystals (Fig. 5d). Additionally, the nanocrystal sus-
pensions can be dispersed in traditional inkjet printer inks to print
highly secure trademarks/images on papers/plastics (Fig. 5e).

In conclusion, we have demonstrated a novel approach to signifi-
cantly enhance the upconversion luminescence of nanocrystals, by
increasing the activator concentration in combination with elevated

irradiance excitation (~1 x 10° W cm™2). The microstructured
fibre dip sensor used here easily achieves such excitation intensities,
making it possible to detect single nanocrystals while probing sub-
cellular fluid volumes. These results show that the nanocrystals can
be detected at one end of the fibre as they enter the fibre from the
other end, enabling measurements to be made from a significant
distance, and leading the way to in vivo measurements. Highly
Ln**-doped nanocrystals at sufficient irradiance excitation have
strong potential for use as photostable, background-free and extre-
mely bright labelling probes for bioimaging. Furthermore, this work
presents a new approach for understanding and predicting the be-
haviour of lanthanide-based upconversion systems, and provides
new directions both for nanoscale sensing and the materials
science of Ln*"-doped nanomaterials.
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