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Lifetime-engineered NIR-Il nanoparticles unlock
multiplexed in vivo imaging

Yong Fan', Peiyuan Wang/, Yiging Lu
James A. Piper? and Fan Zhang®™

Deep tissue imaging in the second near-infrared (NIR-II)
window holds great promise for physiological studies and
biomedical applications. However, inhomogeneous signal
attenuation in biological matter’® hampers the application
of multiple-wavelength NIR-Il probes to multiplexed imag-
ing. Here, we present lanthanide-doped NIR-IlI nanoparticles
with engineered luminescence lifetimes for in vivo quantita-
tive imaging using time-domain multiplexing. To achieve this,
we have devised a systematic approach based on controlled
energy relay that creates a tunable lifetime range span-
ning three orders of magnitude with a single emission band.
We consistently resolve selected lifetimes from the NIR-II
nanoparticle probes at depths of up to 8 mm in biological tis-
sues, where the signal-to-noise ratio derived from intensity
measurements drops below 1.5. We demonstrate that robust
lifetime coding is independent of tissue penetration depth,
and we apply in vivo multiplexing to identify tumour subtypes
in living mice. Our results correlate well with standard ex
vivo immunohistochemistry assays, suggesting that lumines-
cence lifetime imaging could be used as a minimally invasive
approach for disease diagnosis.

Fluorescence imaging is extensively used in life sciences because
of its ability to carry out multi-channel (multi-colour) observa-
tions with high sensitivity and high spatio-temporal resolution®"".
In the past few years, significant efforts have been made to pro-
duce fluorescent probes that operate in the second near-infrared
(NIR-II) window (1.0-1.7 um), which offers enhanced penetration
into biological tissues'~*'>"'". These probes have shown significant
potential for real-time investigations of live biological and physi-
ological processes as well as clinical applications ranging from
non-invasive diagnosis to image-guided surgery. Conventional
fluorescence techniques using different colours to simultaneously
examine different analytes have been shown to be applicable in a
variety of in vitro diagnostics, but such spectral multiplexing is
generally impractical in vivo. This is especially true for deep tissue
imaging, where the different absorption and scattering spectra of
the complex tissue structures (including skin, muscle, fat, bone and
body fluids) present serious difficulties for spectral multiplexing”*.
As the biological composition varies from location to location and
cannot be determined exactly a priori, quantitative multiplex-
ing that takes into account the influence of this heterogeneity on
different wavelengths remains impractical. So far, in vivo NIR-II
imaging has largely been limited to a single probe>®'>'¢, or very
occasionally to two probes at a time, with little assessment of their
quantitative accuracy™'".
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To address this challenge, we turned to the temporal domain.
Specifically we have devised a luminescence lifetime detection/
imaging approach based on lanthanide-doped NIR-II nanoparticles
synthesized with selectable luminescence lifetimes (7) that span the
microsecond to millisecond region. Employing Nd** sensitizers
and either Er** or Ho** emitters, these nanoparticles absorb 808 nm
excitation and emit luminescence centred at 1,525 and 1,155nm,
respectively (Fig. 1a). A series of lifetime populations are produced
for each emission band (Supplementary Sections 1 and 2), with
each sample filled into an individual capillary (~0.46 mM) for both
ordinary imaging and lifetime imaging using a purpose-built sys-
tem (Supplementary Section 3). Intralipid medium (1%) and a set
of bovine bones with increasing thickness were used to simulate
attenuation by biological tissues, which affects both the effective
excitation and the luminescence signal.

As shown in Fig. 1b, for ordinary intensity-based imaging, the
visibility of the capillaries deteriorated as the immersion depth
of the Intralipid or the thickness of the bone increased. The Er**
emission decreased more rapidly due to the water absorption peak
around 1,450 nm, whereas the Ho** emission underwent stronger
scattering because of the shorter wavelength. Furthermore, though
the intensities decreased exponentially with respect to the immer-
sion depth in the homogeneous Intralipid medium, as expected by
the Beer-Lambert law, under bones the attenuation of luminescence
was irregular and unpredictable due to the varied composition of
the bones collected (Fig. 1c). By contrast, luminescence lifetime
imaging clearly recognized the capillaries against the background,
with the consistent pseudo-colours indicating the high reliability of
the lifetime measurement, even where the signal-to-noise ratio of
the intensity measurement dropped to a very low level (1.46 at 8 mm
compared to 47.1 at 0omm for Er-z5 nanoparticles; Supplementary
Fig. 8). For all nanoparticle samples imaged, the relative change in
the mean lifetime values was within 11.8% (Fig. 1¢). The coefficient
of variation (CV) of the lifetimes increased from 3.1% (at 0 mm) to
12.9% (at 8 mm) with respect to the penetration depth, mainly due
to uncertainty in the lifetime computation caused by the reduced
signal-to-noise ratios.

To create lifetime-engineered NIR-II nanoparticles we designed
a systematic approach based on controlled energy relay in a
core-multi-shell nanostructure. As shown in Fig. 2a, the example
nanoparticle consists of an outer layer co-doped with Nd** and Yb**,
an intermediate layer doped with Yb** only, and an inner layer co-
doped with Yb** and Er**. With 808 nm illumination, the Nd** sensi-
tizers confined in the outer layer harvest the excitation photons, and
transfer the energy to the Yb** ions in the same layer via inter-ionic
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Fig. 1| Comparison between spectral and lifetime channels for deep tissue imaging. a, Attenuation spectra (left axis) of 1% Intralipid and a 4.1mm
sample of bovine bone, alongside the NIR-Il emission bands (right axis) of Ho and Er nanoparticles. Colour shades correspond to the spectral ranges for
collecting respective emissions. OD, optical density. b, Ordinary intensity-based images and luminescence lifetime images of capillaries containing Ho-z3

and Er-z5 nanoparticles before and after being covered by Intralipid or bone.

The colour (hue) of each pixel in the lifetime images represents its lifetime

value. Profiles underneath correspond to horizontal dashed lines in the intensity images. Scale bars, 2mm. ¢, Normalized intensities (left two plots) and

lifetimes (right two plots) obtained for Ho and Er nanoparticles with respect

to immersion depth of the Intralipid solution and thickness of the bone.

Each data and error bar represents mean +s.d. for every pixel of the capillary in the corresponding intensity/lifetime image. Details of nanoparticles and
experimental parameters used for lifetime imaging are summarized in Supplementary Tables 1-4.

cross-relaxation. The energy is then relayed via diffusive energy
migration among the Yb** sublattice, until reaching the inner layer,
where it is entrapped by the Er** emitters to generate luminescence
at 1,525nm. This structure allows the luminescence lifetime to be
tuned systematically in both directions. On the one hand, increasing
the thickness of the energy relay layer prolongs the average process
from absorption to emission, leading to a longer lifetime. On the
other hand, at a defined thickness of the energy relay layer corre-
sponding to identical capacity of the Yb** sublattice, an increase in
the Er** concentration accelerates the conversion of stored energy
into luminescence emission, which shortens the lifetime.

A series of the core-multi-shell nanoparticles were fabricated in
the general form of hexagonal () phase NaGdF,@NaGdF,:Yb,Er@
NaYF,Yb@NaNdF,Yb (Fig. 2b). The NaGdF, inert core was used
to facilitate uniform epitaxial growth of the shells in sequential
synthesis steps so as to achieve a small final size of around 20 nm.
For the group of nanoparticles with all parameters identical other
than the increasing thickness of the energy relay layer (d=0, 0.1,
0.2, 0.9, 2.4 and 3.6 nm), the luminescence lifetime at 1,525 nm was
effectively extended from 1.25ms to 7.21ms (Fig. 2c). The longest
lifetime we achieved was 20.9ms when increasing the relay layer
thickness to 7.0nm (alongside a thicker activation layer). For the
other group, on varying only the Er’** doping in the activation layer
(from 2% to 30%; identical energy relay shell thickness of 0.9 nm),
the lifetime decreased from 2.75 ms to 292 ps (Fig. 2d). Even shorter
lifetimes down to 5.8 ps were demonstrated by removing the energy
relay layer entirely and increasing the Er** doping concentration to
45%. Altogether, a substantial lifetime-selectable range spanning
three orders of magnitude was demonstrated for the Er** 1,525 nm
emission (Supplementary Table 1), easily accommodating more
than 10 distinct lifetime identities that were clearly distinguished
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using our time-resolved imaging system (Fig. 2e; very short and
very long lifetimes are not included for a better visual effect of the
pseudocolour mapping).

As well as for Er**, tunable lifetimes were achieved for other
lanthanide ions emitting in the NIR-II window, including Ho®* at
1,155nm, Pr’* at 1,289 nm, Tm** at 1,475 nm as well as Nd** itself
at 1,060nm (Fig. 3a and Supplementary Section 2). Taking Ho
nanoparticles, for example, lifetimes ranging from 40 to 920 us were
generated via the energy relay strategy (Fig. 3b and Supplementary
Table 2). These lifetime identities, engineered independently at
multiple NIR-II emission bands, enable lifetime-based coding of
different information carriers so as to deliver a high level of mul-
tiplexing in vivo. To demonstrate this, we encapsulated the as-pre-
pared Er and Ho nanoparticles into polydimethylsiloxane (PDMS)
beads of 1 mm in diameter (Supplementary Section 4). Each bead
represented a two-digit code, one digit corresponding to the Ho**
luminescence at 1,155nm and the other to the Er** emission at
1,525 nm (Fig. 3¢). The beads were mixed and placed in a Petri dish
covered with phantom tissue (1% Intralipid medium), and lifetime
imaging was performed for the two emission bands. As shown in
Fig. 3d, consistent lifetime values were obtained for each bead at
both wavelengths, regardless of the tissue depth. Assuming that the
two lifetimes follow bivariate normal distributions, the 99.9999%
confidence regions (corresponding to 1 ppm error rates) of the clus-
tered beads populations are kept far apart from each other, so every
single bead can be unambiguously identified by its specific lifetime
codes. By contrast, conventional spectral multiplexing relying on
ratiometric intensities was unable to distinguish the different popu-
lations as the tissue depth increased (Fig. 3¢), demonstrating that its
application in vivo is restricted to a shallow penetration depth and
is therefore of limited practicality.
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Fig. 2 | Controlled energy relay for lifetime tuning. a, Energy level diagram illustrating the luminescence process of the core-multi-shell nanoparticles.
b, Transmission electron microscopy (TEM) image (left), high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
image (top right), high-resolution (HR) TEM image and the corresponding fast Fourier transform (bottom right) of the Er-712 (NaGdF,@NaGdF,:Yb,Er@
NaYF,Yb@NaNdF,:Yb) nanoparticles. €, Luminescence decay curves measured at 1,525 nm from the as-prepared Er nanoparticles with energy relay
shells of increasing thickness d from O to 7 nm (identical composition). d, Luminescence decay curves of the nanoparticles with incremental Er** doping
concentration Cg, from 2% to 30% for d = 0.9 nm and from 15% to 45% for d = 0 nm. e, Pseudocolour-mapped lifetime images of the Er nanoparticles
contained in centrifuge tubes acquired by the time-resolved NIR-1l imaging system. All nanoparticles were dispersed in cyclohexane at ~0.46 mM molar
concentration. Numbers accompanying each sample indicate mean + CV of the measured luminescence lifetime, taken from pixels corresponding to
each tube in the lifetime images. Details of nanoparticles and experimental parameters used for lifetime imaging are summarized in Supplementary

Tables 1and 5, respectively.

The validated robustness of lifetime multiplexing encouraged us
to further explore its potential for cancer diagnostics in vivo. We
took nude mice bearing xenografted tumours from either MCF-7
or BT-474 breast cancer cells as a model, with 10 mice per tumour
subtype. Three lifetime populations of the Er nanoparticles (Er-z5,
Er-79 and Er-713) were conjugated with primary antibodies against
three routinely examined biomarkers for breast cancer'®", oestro-
gen receptor (ER), progesterone receptor (PR) and human epider-
mal growth factor receptor-2 (HER2), respectively (Supplementary
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Section 5). Of the 10 mice of the same tumour subtype, half (the
positive group) were intravenously injected with a cocktail of the
antibody-conjugated nanoparticles, while the remainder (the con-
trol group) were injected with identical populations of nanoparticles
with no antibody conjugation but phospholipid coating. Imaging at
a series of time points post-injection (Supplementary Section 6)
showed that, for both tumour subtypes, the NIR-II luminescence
from the tumours remained sufficiently high to distinguish the
positive groups, whereas for the control groups the nanoparticles
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Fig. 3 | Luminescence coding using lifetime-engineered NIR-1l nanoparticles a, Available emission bands of trivalent lanthanide ions in the 1,000-1,700 nm
region. b, Luminescence decay curves (top) and lifetime images (bottom) measured at the 1,155 nm band of Ho-doped core-multi-shell nanoparticles.

All nanoparticles were dispersed in cyclohexane at ~0.46 mM molar concentration. Numbers accompanying each sample indicate mean + CV of the
measured luminescence lifetime, taken for pixels corresponding to each tube in the lifetime images. Details of the nanoparticles and experimental
parameters used for lifetime imaging are summarized in Supplementary Tables 2 and 6, respectively. ¢, Scheme of two-channel luminescence coding
based on PDMS beads encapsulating Ho and Er nanoparticles. d,e, Scatter plots measured from five batches of beads encoded by lifetimes (d) and
intensities (e) at increased tissue depths (0, 2 and 4 mm). Ellipses around the clusters represent 99.9999% (d) and 99% (e) confidence regions by fitting
bivariate normal distributions. A further explanation for luminescence-lifetime-based coding is provided in the Methods and Supplementary Section 4.

non-specifically accumulated at the tumour site were eventually
cleared. This allowed us to quantify the biomarker expressions of
the tumour subtypes by resolving the three lifetime components
simultaneously using a pattern recognition algorithm®**' (Fig. 4a
and Supplementary Section 7). Remarkably, despite variation in the
overall intensities, which is not surprising given that the tumours as
well as tissue attenuation are unlikely to be identical in individual
mice, the expression patterns of the three biomarkers are clearly
(statistically) different for the two tumour subtypes (Fig. 4b). The
MCE-7 tumours expressed a large amount of ER (62.3%) but mod-
erate levels of PR (17.9%) and HER2 (19.8%). On the other hand,
the highest expression in the BT-474 tumours came from HER2
(46.6%), followed by PR (28%) and ER (25.4%). These expression
patterns acquired by our in vivo multiplexing (IVM) method are
highly consistent with the in vitro western blot (WB) results we
obtained (Fig. 4c) as well as those in the literature®>*.

Finally, we compared the IVM method with conventional ex
vivo immunohistochemistry (IHC), which nowadays is widely
performed for the identification of cancer subtypes using tissue
samples collected via biopsy. IHC was carried out using three mice
for each tumour subtype (from the same batches as for the imag-
ing studies), and the images were analysed using the IHC Profiler
algorithm® to quantify the biomarker expression levels as well as
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to obtain the conventional semi-quantitative scores on a scale of 0,
1+, 2+ and 3+ (Fig. 4d and Supplementary Section 8). Statistically,
excellent correlation was found between the two methods for the
biomarker expression patterns of both tumour subtypes (Fig. 4d).
Nevertheless, for multiple pieces of tissues collected from the same
mouse, a high level of heterogeneity was clearly observed among
the ITHC images staining the same receptor (Supplementary Fig. 19).
This reflects the universal concern over the reliability of IHC, with a
number of reports suggesting that the outcomes are prone to sample
preparation and subjective scoring**°, especially given that conven-
tional IHC only examines one biomarker per tissue slide. By con-
trast, IVM allows all the biomarkers to be quantified simultaneously
to minimize uncertainty caused by the biopsy, sample processing
and scoring procedures. It also eliminates the risk of tumour cell
reseeding following biopsy”. Being effectively real-time and mini-
mally invasive, IVM can significantly reduce the time, labour and
cost of diagnosing tumour subtypes, critical factors for effective
therapeutic decisions and prognosis, and offering a superior alter-
native to IHC with improved reliability and patient experience.

In summary, this work illustrates the feasibility of engineering
NIR-II lanthanide nanoparticles to create distinct lifetime channels
for multiplexed in vivo imaging, whereby wavelength-dependent
attenuation from different biological substances does not detract
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Fig. 4 | Lifetime-resolved imaging for IVM of tumour biomarkers. a, Schematics illustrating animal experiment procedures. Three batches of Er
nanoparticles exhibiting distinct lifetimes are conjugated to three antibodies (anti-ER, anti-PR and anti-HER2), respectively, and intravenously injected into
the mouse via tail vein. Lifetime-resolved imaging is then performed to quantify the biomarker expressions on the tumour via IVM. CCD, charge-coupled
device. b, Lifetime-resolved images for the MCF-7 and BT-474 tumours are decomposed into the three lifetime channels, represented by the red, green and
blue monochromatic image sets. Biomarker expression patterns are calculated by integrating the intensities of each components, normalized by the total
intensity over the entire tumour area. Experimental parameters used for lifetime imaging are summarized in Supplementary Table 9. ¢,d, In vitro western
blot (¢) and ex vivo immunohistochemistry assay (d) results and calculated biomarker expression patterns of the two tumour subtypes IVM: in vivo
multiplexing; WB: western blot; IHC: immunohistochemistry. Error bars in b-d represent mean +s.d., with n=5 biologically independent animals in b and
n=3 biologically independent animals in ¢ and d (circles are actual data points).

from accurate quantification. The energy relay approach imple-
mented in the core-multi-shell nanostructure facilitates fine tailor-
ing of the luminescence lifetime over a dynamic range as large as
three orders of magnitude, so that a matrix comprising 1 X 10° indi-
vidual time-domain codes can potentially be generated, opening
new opportunities for in vivo flow and image cytometry for point-
of-care diagnostics***. Though an imaging depth of ~6-8 mm is
demonstrated here, this can be improved by optimization of the
nanostructure (Supplementary Section 9) and advanced approaches
such as dye sensitization'” to produce brighter nanoparticles, which
will also speed up data acquisition. Additionally, lifetime imaging
employing pulsed excitation and delayed detection contributes to
providing higher sensitivity and contrast by removing autofluores-
cence background. The risk of thermal accumulation and damage
to the tissue is also reduced comparing to ordinary intensity imag-
ing, rendering the use of high-power lasers less a concern. Because
lifetime measurement is immune to the constant background from
ambient light, augmented reality can be integrated to enable intra-
operative diagnosis and guidance of surgical procedures®. Given
the low toxicity of lanthanide nanoparticles®, we believe the tech-
nology presented here will be transformational for a wide range of
biomedical research and clinical applications.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41565-018-0221-0.
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Methods

Chemical reagents. Gadolinium(11r) chloride anhydrous (GdCl,, 99.99%),
ytterbium(11r) chloride anhydrous (YbCl, 99.9%), yttrium(11r) chloride anhydrous
(YClL,, 99.9%), erbium(11r) chloride anhydrous (ErCls, 99.9%), neodymium(rrr)
chloride anhydrous (NdCl,, 99.9%), holmium(111) chloride anhydrous (HoCl,,
99.9%), thulium(11r) chloride anhydrous (TmCl,, 99.9%), praseodymium(11r)
chloride anhydrous (PrCl,, 99.9%), sodium trifluoroacetate (Na-TFA, 98%),

oleic acid (90%) and 1-octadecene (ODE, 90%) were purchased from Sigma-
Aldrich. Sodium hydroxide (NaOH, 96%) and ammonium fluoride (NH,F,

96%) were purchased from Beijing Chemical Reagents. 1,2-Distearoyl-sn-
glycero-3-phosphoethanolamine-N-[(polyethylene glycol)-2000] (DSPE-
PEG2000) was purchased from Avanti Polar Lipids. 1,2-Distearoyl-sn-
glycero-3-phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000]
(DSPE-PEG2000-MAL) was purchased from Shanghai Ponsure Biotech.
Antibodies targeting human oestrogen receptor (anti-ER, mouse monoclonal) and
progesterone receptor (anti-PR, mouse monoclonal) were purchased from Perseus
Proteomics. Antibodies targeting human epithelial growth factor receptor-2 (anti-
HER2, mouse monoclonal) were purchased from R&D Systems, Bio-Techne. All
chemicals were used as received, without further purification.

Nanoparticle synthesis. Core-multi-shell nanoparticles were synthesized using a
layer-by-layer protocol. First, to obtain the NaGdF, core, 2.0 mmol GdCl,, 12.0 ml
oleic acid and 30.0 ml ODE were added into a 100 ml flask. The mixture was
heated to 140°C and kept under vacuum for 60 min to form a clear lanthanide-
oleate solution. The solution was allowed to cool naturally to 50°C. A 10 ml
volume of methanol containing 5.0 mmol NaOH and 8.0 mmol NH,F was added,
and the mixture was stirred at 50 °C for 60 min. The mixture was then heated to
100°C and kept for 20 min under vacuum to remove the methanol. The solution
was then heated to 280 °C and held for 90 min under a gentle flow of argon to
trigger nanocrystal growth, before cooling to room temperature naturally. The
produced core nanoparticles were washed twice in ethanol at 7,012 g for 5min, and
subsequently dispersed in 20 ml cyclohexane for further use.

The activation shell of NaGdF,:Yb/Ln (Ln=Er, Ho) was then grown epitaxially
via hot injection. The shell precursors of NaGdF,:Yb,Ln were prepared following
the same procedure as above (the amounts of lanthanide chlorides depending on
the composition), until the step where the mixture was heated to 100 °C and kept
for 20 min under vacuum to remove the methanol. After that, instead of further
heating to 280 °C to trigger nanocrystal growth, the solution was cooled to room
temperature to yield the shell precursors. For epitaxial growth, 0.4 mmol of the
NaGdF, core nanoparticles dispersed in 4 ml cyclohexane was added to a 100 ml
flask along with 4 ml oleic acid and 6 ml ODE. The mixture was heated to 100°C
and held for 30 min under vacuum, and then heated to 280 °C. The as-prepared
shell precursors were injected into the mixture and ripened at 280 °C for 30 min.
The resulting nanoparticles were precipitated by the addition of ethanol, collected
by centrifugation at 7,012 g for 5min, and washed with ethanol several times before
re-dispersal in 4ml cyclohexane for further use. Different shell thicknesses were
obtained by controlling the amount of the shell precursors injected for epitaxial
growth. The procedures for further coating the energy relay shell of NaYF,:Yb
and the absorption shell of NaNdF,:Yb are as above, except the seeds and shell
precursors were consumed. The core-multi-shell nanoparticles of NaGdF,@
NaGdF,:Yb/Ln@NaYF,:Yb@NaNdF,:Yb were finally obtained after three stages
of epitaxial growth. Details of the synthesized nanoparticles are described in
Supplementary Sections 1 and 2.

Characterization instruments. TEM, HRTEM and HAADF-STEM were
performed on a JEM-2100F transmission electron microscope with an
accelerating voltage of 200kV equipped with a post-column Gatan imaging
filter (GIF-Tri-dium). X-ray diffraction (XRD) measurements were carried out
at room temperature on a Bruker D8 diffractometer using Cu Ka radiation
(wavelength = 1.5406 A). Luminescence emission spectra and decay curves were
measured on an Edinburgh FLS980 spectroscope equipped with an 808 nm
diode laser (MLL-III-808-2W, Changchun New Industries Optoelectronics
Tech Co.), with all the as-prepared nanoparticles dispersed in cyclohexane

to form transparent colloidal solutions at the same particle concentration of
10mgml™". Absorption spectra were obtained on a PerkinElmer Lambda 7508
UV-vis-NIR spectrometer.

Time-resolved NIR-II imaging system. A customized time-gating module

was built and coupled to a cooled InGaAs camera (NIRvana: 640, Princeton
Instruments; 640 X 512 pixels). The module consists of a camera lens (SWIR-
16, Navitar), a focusing lens (f=20mm), a high-speed optical chopper (C995,
Terahertz Technologies) and a magnifier lens pair (X10 magnification; f, =20 mm
and f,=200mm). The object was placed around 100 mm in front of the camera
lens. Excitation was provide by an 808 nm diode laser (D32-21312-112, BWT
Beijing, maximum continuous-wave power of 8 W). Emission light collected by
the camera lens was passed through a 1 mm pinhole attached in close proximity
to the chopper blade, and magnified 10 times to project onto the sensor of the
camera. Different filter sets were used to select the emission band of the Ho
and Er nanoparticles, respectively. All lenses used were C-coated to maximize
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transmission for 1,000-1,700 nm. Synchronization was performed by sending

the transistor-transistor logic (TTL) signal output from the chopper to a
multifunction I/O device (USB-6353, National Instruments), which generated

a delayed TTL signal to trigger the excitation laser. A series of time delays were
used to acquire signal corresponding to different sections of the luminescence
decay curves, allowing lifetime values to be computed for each pixel (for details see
Supplementary Sections 3 and 7).

Lifetime coding. PDMS beads were encoded using lifetime-engineered Er and
Ho nanoparticles. Assuming tunable ranges of 0-4,000 us and 0-1,000 ps for
the Er** and Ho** luminescence lifetime channels, respectively, we can subdivide
each into ten sections (for example, evenly separated) and fine-tune the lifetime
of a nanoparticle population to be within one particular section. To make

a barcode, one population of Er nanoparticles and one population of Ho
nanoparticles were selected and added into a solution of PDMS (Sylgard 184,
Dow Corning, with curing agent in a 10:1 ratio). After thorough mixing, the
composite was degassed under vacuum for 2h at room temperature. Next, the
nanoparticle-containing PDMS was dropped into hemisphere pits (¢ =1mm)
of an aluminium mould, heated to 80 °C and kept overnight. The solid PDMS
beads were then detached from the mould using a blade. Every single bead thus
represented two decimal digits, each corresponding to 0-9. The sequence of the
codes was predetermined, for example with the first digit for the Ho** channel
and the second for the Er** channel. To decode a mixture of encoded beads,
time-resolved imaging was performed sequentially at the two emission

bands selected by colour filters. The lifetime barcode of each bead was then
unambiguously identified based on its lifetime values in the Ho** and Er**
channels. For more details see Supplementary Section 4.

Antibody conjugation. The oleic-acid-capped Er nanoparticles were transferred
to aqueous solution, followed by antibody conjugation through active ester
maleimide-mediated coupling between the amine and sulfhydryl. Briefly, 20 mg
of oleic-acid-capped Er nanoparticles in chloroform (500 pl) was mixed with a
chloroform solution (10 ml) containing 25 mg DSPE-PEG2000 and 2.5 mg DSPE-
PEG2000-MAL in a 250 ml flask. The mixture was rotary evaporated quickly at
40°C under vacuum and kept in vacuum overnight to remove chloroform. The
attached film was then hydrated with 5ml Milli-Q water by vigorous shaking. The
colloidal solution was transferred to a microtube, and excess lipids were removed
by ultracentrifugation and washing twice. The purified maleimide-conjugated Er
nanoparticles were dispersed in 500 pl Milli-Q water. Next, 10 pl of the antibodies
at a concentration of ~1 mgml™" were reduced with 10mM of tris(2-carboxyethyl)
phosphine (TCEP) by shaking for 1h to expose free sulthydryls. The reduced
antibodies were mixed with the maleimide-conjugated nanoparticles. Finally, the
conjugated nanoparticles were purified and collected using ultracentrifugation
(105,700 g, 10 min, three times). The water-soluble nanoparticles were examined
using TEM and dynamic light scattering (Zetasizer Nano, Malvern Instruments),
and the stability of their lifetimes was verified using time-resolved NIR-II imaging
(Supplementary Section 5).

Animal experiment protocol. Female BALB/c nude mice (6 weeks old, average
weight of 20 g) were purchased from Shanghai SLRC Laboratory Animal Centre.
All animal procedures were in agreement with the guidelines of the Institutional
Animal Care and Use Committee of Fudan University and performed accordingly.
MCEF-7 and BT-474 cells were obtained from Stem Cell Bank, Chinese Academy of
Sciences. The cells were authenticated by a short tandem repeat test, and confirmed
free of mycoplasma contamination using a mycoplasma detection kit. To obtain
tumours, 5 X 10° tumour cells (either MCF-7 or BT-474) were seeded in each cell
culture flask containing 8 ml of Gibco RPMI 1640 medium supplemented with 10%
FBS and 1% antibiotics, and incubated in CO, for 24 h at 37 °C. The tumour cells
were harvested by centrifugation and resuspended in sterile PBS, and implanted
subcutaneously into the right fore legs of five-week-old mice (5x 107 cells per
mouse). When the tumours reached 5mm in diameter (14 days after implantation),
the mice were killed and the tumours were taken out, sheared into tissue blocks
(ImmXx 1 mm X 1 mm) and resuspended in sterile PBS. The tumour blocks were
implanted subcutaneously into the dorsum of the nude mice. When the tumour
reached ~4-6 mm in diameter (~10-11 days after implant), the tumour-bearing
mice were subjected to imaging studies. PBS solutions of antibody-conjugated

Er nanoparticles (5mgml-’, 50 pl each) were mixed and intravenously injected
through the tail vein for the lifetime imaging experiment. Solutions of DSPE-
PEG2000-coated Er nanoparticles were used for the control group. All mice

were anaesthetized before imaging. Experimental parameters for imaging are
summarized in Supplementary Table 7.

Western blot and THC assays. For western blot, MCF-7 and BT-474 cell
extracts were prepared using a RIPA kit (Shanghai Bogoo Biotechnology). Cell
extracts and separate proteins were loaded onto an SDS polyacrylamide gel. The
electrophoresed proteins were transferred onto a 0.45 pm nitrocellulose filter
membrane and incubated for 30 min at room temperature in 3% BSA-TBST
blocking solution. The membrane was then washed at room temperature with
TBST five times, followed by incubation overnight at 4°C in blocking buffer
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containing primary antibodies. Next, the membrane was washed with TBST

five times, and incubated at room temperature for 40 min in buffer containing a
secondary reagent goat anti-mouse-IgG (H+L) horseradish peroxidase (HRP) at
1:10,000. Finally, after washing the membrane at room temperature six times with
TBST buffer, the biomarkers were detected based on banding colouration using
chemiluminescence reagents. To obtain the semi-quantitative expressions of the
biomarkers, the intensity of the optical density (IOD) of the samples was analysed
by Image-Pro Plus.

For the IHC test, tumour-bearing mice were killed and all the tumours were
collected and then fixed using 4% paraformaldehyde in PBS (pH 7.4) for 30 min
at room temperature. The paraformaldehyde solution was removed by rinsing
the tumour tissue three times in PBS, and the cells were permeabilized using
0.3% Triton X-100 in PBS for 15 min, followed by rinsing three times with PBS.
Next, 0.3% H,0,-methanol solution was added, and after incubation for 10 min,
removed by rinsing three times with PBS. To block non-specific hybridization,
2% BSA in PBS was added to incubate the tissues for 30 min at 37°C. ER,

PR and HER2 antibodies were added separately to the tissues on coverslips,
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followed by S28 (antibody response enhancer), and incubated for 1h at 37°C.
The incubating solution was then removed by rinsing three times for 5min with
PBS. All cover lips were incubated with a dilution of HRP-labelled secondary
antibody in PBS and 2% BSA for 30 min at 37 °C, followed by rinsing four

times for 5min with PBS, and immersed in freshly prepared DAB solution.

The tissues were counterstained in haematoxylin for 5min, then rinsed

twice with tap water. Each coverslip was placed with the tissues down onto

a glass slide containing a drop of mounting medium, followed by microscopy
examination (Olympus BX53). For a detailed analysis of the IHC images see
Supplementary Section 8.

Reporting summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Data availability. The data that support the plots within this paper and other

findings of this study are available from the corresponding authors upon
reasonable request.
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