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Tunable lifetime multiplexing using luminescent

nanocrystals
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Optical multiplexing plays an important role in applications
such as optical data storage!, document security?, molecular
probes®* and bead assays for personalized medicine®.
Conventional fluorescent colour coding is limited by spectral
overlap and background interference, restricting the number
of distinguishable identities. Here we show that tunable lumi-
nescent lifetimes 7 in the microsecond region can be exploited
to code individual upconversion nanocrystals. In a single colour
band, one can generate more than ten nanocrystal populations
with distinct lifetimes ranging from 25.6 ps to 662.4 ps and
decode their well-separated lifetime identities, which are inde-
pendent of either colour or intensity. Such ‘v-Dots’ potentially
suit multichannel bioimaging, high-throughput cytometry
quantification, high-density data storage, as well as security
codes to combat counterfeiting. This demonstration extends
the optical multiplexing capability by adding the temporal
dimension of luminescent signals, opening new opportunities
in the life sciences, medicine and data security.

Multiplexing in biotechnology and life sciences refers to high-
throughput technologies capable of simultaneous identification
and quantification of multiple distinctive species®'>. Multiplexing
molecular diagnostics impacts broadly on the bioinformatics areas
of genomics!'®!?, proteomics'®, metabolomics', cytomics'® and per-
sonalized medicine®?’, where personal gene expression profiling
holds promise for individually targeted therapies. In data storage,
the main goal of multiplexing is to increase the data storage capacity
within spatially limited memory elements"*!. In security printing of
banknotes, identity cards, trademark tags and so on, it helps to
prevent forgery, tampering or counterfeiting, and thermochromatic,
magnetic, multicolour fluorescent and optically variable colour-
changing inks have been used for this purpose’. Multiplexing
typically requires a matrix of optical codes, ideally carried by
nano-/micro-sized objects, each of which should be accurately
identifiable at high speed and in a low-cost fashion.

Fluorescence colour codes used in a broad range of fields have
been one of the most popular methods for multiplexing. As one
example, cytometry combined with fluorescence staining has been
at the frontier of rapid detection of single cells for the last several
decades. However, the crowded spectral domain limits the
modern multi-colour flow cytometry to fewer than twenty channels,
requiring three to five lasers, tens of filters and up to twenty light
detectors?2. The unavoidable spectral overlap requires complicated
and tedious colour compensations. Thus, the outstanding challenge

in multiplexing is to find ways of creating additional distinguishable
coding dimensions, such as mass spectra'®, fluorescence lifetime?*
and Raman spectra?®. These new dimensions become highly
useful when the new identities can be accurately decoded (detected)
by a simple, rapid and low-cost device.

In this Letter we report a new multiplexing concept by manipu-
lating the luminescence decay lifetimes to create a temporal coding
dimension in a wide microsecond-to-millisecond range. Among
typical materials that emit such long-lived luminescence, rare-
earth doped luminescent nanocrystals are attracting significant
attention with their applications in sensing, bioimaging, nanomedi-
cine, solar cells and three-dimensional displays®. Recent advances
in the synthesis of rare-earth doped upconversion nanocrystals, in
particular, have led to accurate control of composite, crystal
phase, morphology and emission colours?®. Here, we have devel-
oped an approach to precisely tune the micro-/millisecond lumines-
cent decays and produce individual populations of rare-earth doped
nanocrystals with distinct lifetimes. Our results constitute a new
optical coding and decoding dimension, which broadens the appli-
cation of upconversion materials in nanoscale photonics.

Our lifetime multiplexing concept based on the tunability of
lifetimes has been implemented following a simple scheme of
co-doping sensitizer Yb>* ions and blue-emitting Tm>* ions at
stepwise varied concentrations into the NaYF, nanocrystals
(Supplementary Section 1.1). In this case, energy transfer from
the sensitizer to the emitter ion at varying sensitizer—emitter dis-
tances provides lifetime tunability (Fig. 1). By using this approach
we have been able to tune the lifetime of 40 nm NaYF,:Yb,Tm nano-
crystals in the blue emission band from 48 ps (4 mol% Tm) to
668 s (0.2 mol% Tm). Thanks to the photostability of the nano-
crystals and the background-free advantage of time-resolved detec-
tion, our purpose-built time-resolved confocal scanning system
(Supplementary Sections 2.1 and 2.2) achieved a sufficiently high
signal-to-background ratio (over 10%) for lifetime measurement of
a single nanocrystal’s emission at 475 nm. Figure 1 shows the
confocal images of five typical groups of lifetime-encoded
Tm-doped ‘t-Dots’, using pseudocolour to map the luminescence
lifetime for each pixel.

These 7-Dots emit luminescence in the microsecond range,
about three orders of magnitude longer than the background auto-
fluorescence (less than 10 ns), which can be easily suppressed
through time-resolved measurements. We took advantage of this
background-free readout for the rapid detection of single cells

'Advanced Cytometry Laboratories, MQ Photonics Research Centre and MQ BioFocus Research Centre, Macquarie University, Sydney, New South Wales
2109, Australia, *Purdue University Cytometry Laboratories, Bindley Bioscience Center, Purdue University, West Lafayette, Indiana 47907, USA,
*Department of Chemistry and Biomolecular Sciences, Macquarie University, Sydney, New South Wales 2109, Australia, “Department of Biomedical
Engineering, College of Engineering, Peking University, Beijing 100871, China, *School of Biomedical Engineering, Shanghai Jiao Tong University, Shanghai,
China, *Newport Instruments, 3345 Hopi Place, San Diego, California 92117-3516, USA, "Department of Electronic Engineering, Tsinghua University, Beijing
100084, China, *Olympus Australia, 82 Waterloo Road, North Ryde, New South Wales 2113, Australia. *e-mail: dayong.jin@mag.edu.au

NATURE PHOTONICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephotonics 1



L ETT E RS NATURE PHOTONICS Dbo!: 10.1038/NPHOTON.2013.322

1 1
S s . _ s
R = Tm doping 4 < <
2 R 2
% z P r; 5
Yb ] =]
m E Yb m’ £
0 T T ; T 0 - - - -
0.0 0.5 0.0 0.5
Time (ms) Time (ms)
.
Tum
48.6 +8.9% 126.5 £ 9.9% 182.6 + 6.6% 501.1+ 8.8% 668.8 +5.1%
Lifetime (us) [ ] [ | [
1 1
0 100 200 300 400 500 600 700 800

Figure 1 | Lifetime tuning scheme and time-resolved confocal images for NaYF,:Yb,Tm upconversion nanocrystals. Each pixel was excited for 200 ps,
followed by a delayed detection window of up to 3.8 ms to record its time-gated luminescence decay (40 ms exposure time to allow 10 times integration).
The colour tone (hue) for each pixel represents its lifetime value decoded from the decay curve. The nanocrystals in the images from left to right have Tm
doping concentrations of 4, 2, 1, 0.5 and 0.2 mol%, respectively, as well as 20 mol% Yb dopants.
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Figure 2 | Results for 7-Dots-labelled Giardia cysts measured by the time-resolved scanning cytometry system. a,b, Lifetime histograms obtained from
cysts labelled with different lifetime-encoded t-Dots (Yb/Tm co-doping concentration (mol%:mol%) of 20:1 for a and 20:4 for b). The scanning cytometry
allows retrieval of each individual target cyst for luminescence as well as bright-field imaging confirmation. ¢, Typical recorded luminescence images for the
same cyst under 4 h continuous laser excitation. All images were captured with a 100 ms exposure time.

with our time-gated orthogonal scanning automated microscopy  Section 2.3). The t-Dots with lifetime codes were surface-functiona-
(OSAM) platform?’, which was further developed to a next-gener- lized (Supplementary Sections 1.3 and 3), enabling bioconjugation

ation time-resolved scanning cytometry system (Supplementary to a number of different antibodies for simultaneously probing
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Figure 3 | Concept of mDots-encoded microspheres as the lifetime
multiplexing suspension arrays. a, The synthesized monodispersed Tm
upconversion nanocrystals can be embedded into the shell of porous
microspheres, which can be decoded by the time-resolved scanning
cytometry system, for example. b,¢, Typical TEM image of the nanocrystals
(b) and SEM image of a microsphere incorporating the nanocrystals (c).

multiple rare-event pathogens (for example, Giardia lamblia,
Escherichia coli O157:H7 and Cryptosporidium parvum) in bev-
erages, food or within the hospital environment, in an effort to
prevent disease or infection. Figure 2 presents a simple demon-
stration of two populations of G. lamblia cysts labelled with
1 mol% Tm 7-Dots with a lifetime of ~160 ps and 4 mol% Tm
7-Dots with a lifetime of ~40 s, respectively (Supplementary
Section 4.1), which were rapidly scanned using the time-resolved

scanning cytometry system. The lifetime parameters yielded
narrow population distributions (coefficients of variation (CVs) <
10%), offering superior detection accuracy and system simplicity
compared with conventional high-throughput cytometry systems,
which currently suffer from both crowded colours and fluctuating
intensities. This result suggests the feasibility of ‘digital cytometry’
based on lifetime codes, without colour/intensity compensation
requirements. The recorded T-Dots-stained Giardia images, over
hours of continuous illumination, show no observable photobleach-
ing effects (Fig. 2c). Moreover, our water-soluble T-Dots functiona-
lized by different surface groups maintain their lifetime features
across different biological application media (Supplementary
Section 5) and intracellular environments (Supplementary Section
4.2). Small 1-Dots can also be produced with sizes as small as
~10 nm (Supplementary Section 1.2). These results indicate that
our lifetime-encoded T-Dots comprise robust labelling materials
for bioimaging.

The 7-Dots also relax the multiplexing constraints in suspension
arrays, where the ensembles of microspheres are currently limited to
only 100 colour- and intensity-coded channels (10 intensity levels at
two colour emission bands)?$2?°. We have been able to create a new
matrix of lifetime-coded microspheres by simply absorbing the as-
prepared nanocrystals onto the shell of porous polystyrene micro-
spheres (Fig. 3 and Supplementary Section 6). Both the lifetime
and intensity of individual microspheres have been recorded
during rapid scanning by our time-resolved scanning cytometry
system. As shown in Fig. 4a, the emitter (Tm) variation within
the range 0.2-8 mol% (with the sensitizer Yb fixed at 20 mol%
and a nanocrystal size of ~40 nm) resulted in a remarkably large
range of lifetimes from 25.6 ps to 662.4 ps in the blue band.
Increasing the Yb concentration from 10 to 30 mol% (for Tm
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Figure 4 | Results for 7-Dots-encoded populations of microspheres carrying unique lifetime identities. a, The mechanism of upconversion energy transfer,
by adjusting the co-dopant concentration of the sensitizer/emitter, can generate eight lifetime populations of microspheres in the Tm blue-emission band.
Symbols « and B represent cubic and hexagonal crystal phases, respectively. The numeral besides each histogram is the mean lifetime + lifetime CV from
Gaussian distribution fitting. The blocks in the axis above represent the lifetime resources (430 occupied by each population. The open spaces suggest
more populations could be engineered. b, Two-dimensional (intensity versus lifetime) scattered plots showing that all lifetime populations are independent of

the intensities of individual microcarriers.

NATURE PHOTONICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephotonics 3



LETTERS

NATURE PHOTONICS pbol: 10.1038/NPHOTON.2013.322

519
+3.6%

1591
*+3.0%

Counts

0 200 400 600

Figure 5 | Demonstration of lifetime-encoded document security and
photonic data storage. a-c, Three overlapping patterns are printed with
different Tm 7-Dots: (Cyy:Cy,p,) 20:4 for the ‘Macquarie University' logo, 20:1
for the Sydney Opera House image, and 20:0.5 for the Sydney Harbour
Bridge image. Intensity-based luminescence imaging only gives a complex
picture (a), but time-resolved scanning separates the patterns based on the
lifetime components of every pixel (b), so that genuine multiplexing
information contained in the same overlapping space of the document can
be decoded (c; pseudocolour is used to indicate the luminescence lifetime
for each pixel). Scale bars (all images), 5 mm.

fixed at 1 mol% and nanocrystal size at ~40 nm) also significantly
accelerated the blue emission decay from 206.7 to 120.2 ps. We
also found that cubic-phase crystals typically yield shorter
lifetimes than the hexagonal phase due to an increased level of
crystal defects and internal quenching***!. By using this approach
we have been able to tune the lifetime of 20Yb/1 Tm
(mol%/mol%) nanocrystals from 155.1 s (40 nm in the hexagonal
phase) to 104.1 ps (10 nm in the cubic phase). Interestingly, for each
of these population groups, even though the intensity varies across
two orders of magnitude (Fig. 4b), the lifetime CV can be as low as
1.5% (at most 3.9% for most populations other than the two with the
shortest lifetimes, which have slightly larger CVs due to the small
average values). These results show that the lifetime codes are
independent of intensity, and therefore require no compensation,
a further overwhelming advantage over the spectral-domain
cytometry method. The narrow CVs helped us realize at least
eight completely separate lifetime channels in the blue band, and
there is sufficient potential for a total of ten channels or more
(note the large gaps among the last three populations). We also syn-
thesized core-shell nanocrystals with further increased lifetime
values. For example, by coating our T-Dots with an inert shell, a

thin layer of undoped NaYF, crystal structure (Supplementary
Section 1.4), we significantly extended the typical lifetime of
20 Yb/0.5 Tm nanocrystals by ~32% (Supplementary Table 3).

The purpose-engineered multiplexing 7-Dots carrying dis-
tinguishable lifetime codes will have further impact in the area of
photonics, in particular for high-capacity data storage and data
security, in addition to the other optical dimensions currently avail-
able such as wavelength and polarization, as well as spatial dimen-
sions. Figure 5 presents a blended picture superimposed by three
overlapping images printed with 7-Dots with Yb:Tm ratios of
20:4, 20:1 and 20:0.5 (mol%:mol%), respectively (Supplementary
Section 7). Although normal luminescent colour imaging does
not show what is concealed in the blended picture (Fig. 5a), our
time-resolved scanning cytometry clearly decodes it into three indi-
vidual images as a result of them having distinct lifetimes of 52, 159
and 455 ps (Fig. 5b). This result forms the basis for a new type of
document encryption with our 7-Dots as security inks; only
authorized individuals who know the correct decoding rule of the
luminescence lifetimes are able to access the secret information.
Furthermore, a regular arrangement of such nanomaterials into sub-
micrometre-scale units provides a new option for high-density data
storage using lifetimes as digits. In particular, the presence/absence
of one lifetime component can be used as one binary digit, allowing
an 8-bit capacity to be achieved for each unit by simply using three
types of lifetime-encoded T-Dots of the same colour. In either case,
one outstanding virtue of our method is that the complexity of the
decoding system is not increased, because no additional light
sources, filters or detectors are required.

Based on the above demonstrations, we confirmed that the
T-Dots-powered lifetime multiplexing method in the microsecond
region has several significant advantages. (1) Multiple physical
mechanisms with robust engineering capability can be used to
fine-tune and create a series of distinguishable lifetime features
without observable crosstalk between different channels
(Supplementary Section 8). (2) Multiple emitters in a T-Dot
provide non-bleaching and non-blinking luminescence to stabilize
the lifetime feature across different application media, which is
ideal for long-term tracking of multiplexed single t-Dots.
(3) Time-resolved detection of exceptionally long luminescence in
the microsecond domain completely eliminates any autofluores-
cence background from usually complex biological samples or
embedding substrates. (4) Unlike fluorescence colours, the decoding
of the luminescence lifetimes is independent of absolute intensity,
so it is more tolerant of ambient background, electronic noise and
varying collection efficiencies, as well as possible chromatic aberra-
tion associated with optical defocusing. (5) It is compatible with flu-
orescence lifetime imaging microscopy (FLIM)*>%; the amplified
bright luminescence from single T-Dots and objects stained with
them enables direct tracking of multiple photons for rapid lifetime
measurement (Supplementary Section 2.1), which in the imaging
perspective suggests a microsecond-to-millisecond region FLIM
powered by our tunable T-Dots. (6) The upconversion T-Dots can
absorb (stepwise) two or more low-energy photons, thus only
requiring low-cost infrared diode excitation, so decoding instru-
mentation can be as simple as one laser diode and a single-
element photodetector.

In summary, we have successfully demonstrated a new temporal-
domain approach to multiplexing. We have introduced a family
of nanotags as well as microcarriers with separate lifetime
identities independent of colour and intensity. These were
decoded without observable crosstalk. This work lays the foundation
for future libraries of nano-/microprobes carrying more than
10,000 distinguishable codes (via a combination of colour, intensity
and lifetime), unlocking the hidden potential of luminescence
as a powerful analytical technique able to cope with the complexity
challenges in life sciences and medicine. It also opens new
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opportunities for high-density data storage as well as document
security against forgery.
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