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ABSTRACT: Near infrared (NIR) microscopy enables noninvasive
imaging in tissue, particularly in the NIR-II spectral range (1000−1400
nm) where attenuation due to tissue scattering and absorption is
minimized. Lanthanide-doped upconverting nanocrystals are promising
deep-tissue imaging probes due to their photostable emission in the
visible and NIR, but these materials are not efficiently excited at NIR-II
wavelengths due to the dearth of lanthanide ground-state absorption
transitions in this window. Here, we develop a class of lanthanide-
doped imaging probes that harness an energy-looping mechanism that
facilitates excitation at NIR-II wavelengths, such as 1064 nm, that are resonant with excited-state absorption transitions but
not ground-state absorption. Using computational methods and combinatorial screening, we have identified Tm3+-doped
NaYF4 nanoparticles as efficient looping systems that emit at 800 nm under continuous-wave excitation at 1064 nm. Using
this benign excitation with standard confocal microscopy, energy-looping nanoparticles (ELNPs) are imaged in cultured
mammalian cells and through brain tissue without autofluorescence. The 1 mm imaging depths and 2 μm feature sizes are
comparable to those demonstrated by state-of-the-art multiphoton techniques, illustrating that ELNPs are a promising class
of NIR probes for high-fidelity visualization in cells and tissue.
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Optical imaging using near-infrared (NIR) light is a
promising technique for imaging biological processes
deep within tissue due to the radiation’s low energies

and minimal propensity to excite autofluorescence.1,2 In
contrast to visible light, the low scattering and absorption of
NIR photons by typical tissues (e.g., brain, Figure 1a) enables
imaging of micron-scale features through millimeters of
sample.1 Much of the recent exploration of NIR imaging has
focused on the NIR-II window; the 1000−1400 nm region of
the spectrum (Figure 1a) that exhibits high transmission in
tissue.3−5 Existing NIR-II probes, including organic dyes,3

carbon nanotubes,4,6 and semiconductor nanoparticles,5 have
enabled ex vivo and in vivo imaging of mouse vasculature and
internal organs through skin, tissue, and skull. Radiation at
these wavelengths and fluences (up to 106 W/cm2) is
sufficiently benign such that red blood cells have been optically
trapped in living mice without tissue damage,7 and E. coli and
yeast cells have been observed dividing within 1064 nm traps.8

In this work, we develop a class of materials, called energy-
looping nanoparticles (ELNPs), that we designed specifically
for imaging in deep tissue at NIR-II wavelengths (i.e., 1064
nm). This looping process (Figure 1b) occurs in nanoparticles
doped with selected compositions of lanthanide ions. In
general, lanthanide-doped nanoparticles are attractive alter-
natives2 to existing NIR probes because they can offer high
photochemical stability,9 low-toxicity compositions,10 large
Stokes and anti-Stokes shifts, and narrow spectral features.11

NIR radiation can excite 4fN → 4fN transitions in lanthanide-
doped nanocrystals to produce both Stokes2 and upconverted
emission.11−13 The emission wavelength can be tuned precisely
by controlling the combination14 and partitioning15 of
dopants.13
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These luminescence processes typically require that sensitiz-
ing dopants have strong ground-state absorption (GSA)
transitions that are resonant with the excitation energy (Figure
1b). This requirement restricts excitation to a small set of
discrete NIR wavelengths (e.g., 800 nm,16,17 980 nm,11,18 and
1550 nm,19 as in Figure 1a) that fall outside the ideal NIR-II
window for imaging in tissue, leading to excessive scattering,
photodamage, or sample heating.17,20,21 Lanthanide electronic
structure diagrams suggest that there are numerous GSA
transitions with energies in the 1000−1400 nm window (Figure
1c), but there are few reports of lanthanide-doped materials
that exhibit efficient luminescence when excited resonantly at
1064 nm or other common NIR-II laser lines.
Seeking materials that could be excited in the NIR-II

window, we explored an alternate approach leveraging the
absorption of photons by lanthanide excited states. Excited-
state absorption (ESA) rates, however, are typically low relative
to GSA since the populations of excited states are often 10
orders of magnitude lower than the ground state.12

A photophysical phenomenon known as energy loop-
ing11,22−24 provides a strategy for populating excited states in
the absence of strong GSA. Looping amplifies the population of
an intermediate excited state I through a positive feedback loop
of ESA from I, followed by cross relaxation (CR, Figure 1b)
back down to I. Each CR event produces two ions in the I state
for every photon absorbed. These two ions can absorb two
more photons to generate four intermediate states (Figure 1b).
Repeated looping cycles amplify the population of I non-
linearly, dramatically increasing the material’s absorptivity.
Since weak GSA can seed the small populations of I necessary
to initiate this process, looping could enable upconversion from

NIR-II wavelengths that are not resonant with ground-state
transitions of dopants in the nanoparticles.
Only a few nanoparticle systems have definitively demon-

strated looping, primarily to access the extreme form of looping
known as photon avalanche,25−27 (PA), and none have been
leveraged for biological imaging. Looping mechanisms are the
product of complex networks of energy transfer between
dopant ions;24 therefore, energy-looping compositions are not
easily identified by cursory analysis of lanthanide energy levels
or by trial-and-error experimentation. In prior work, we
directed and accelerated the exploration of lanthanide composi-
tional space by establishing a high-throughput pipeline12,14,28

for the theoretical prediction and experimental validation of
upconverting nanoparticles (UCNPs) with brighter18 and more
spectrally pure emission.14,29

In this work, we used computational modeling and
combinatorial screening to identify dopant compositions that
exhibit efficient looping and upconversion from biologically
benign 1064 nm light. These screens revealed Tm3+-doped
NaYF4 ELNPs that are excited efficiently at 1064 nm and emit
at 800 nm. The 1064 nm excitation wavelength lies in the ideal
NIR-II range for multiphoton excitation in highly scattering
tissue, while the upconverted emission of Tm3+ at 800 nm
enables imaging using standard silicon detectors. To demon-
strate the penetration depths accessible by 1064 nm excitation,
we used ELNPs to image features as small as 2 μm through 1
mm of fixed mouse brain tissue. We also performed confocal
microscopy of ELNPs in cultured mammalian cells, demon-
strating that autofluorescence-free luminescence imaging of
cells can be performed using continuous-wave (cw) excitation
at 1064 nm, which has not been extensively investigated.30 Our
screening methods provide a viable path for further exploration

Figure 1. (a) Transmission spectrum through the frontal cortex of a 1 mm-thick, fixed coronal brain slice from an adult mouse (see Methods
for experimental details). Common NIR excitation wavelengths of Nd3+, Yb3+, and Er3+ are superimposed, along with the 1064 nm looping
excitation line of Tm3+ (this work) and the NIR-II window between 1000 and 1400 nm. (b) Three mechanisms of upconversion in lanthanide
ions: ground-state absorption (GSA) followed by excited-state absorption (ESA), energy-transfer upconversion (ETU), and looping/photon
avalanche (PA). Thickness of arrows increases with rate. Blue circles indicate individual ions occupying a given state. (c) 4fN energy manifolds
of trivalent lanthanide ions in vacuum, with NIR-II window and 1064 nm laser line superimposed.
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of ELNPs active at NIR wavelengths, facilitating the imaging
and stimulation of biological processes currently obscured by
scattering and absorption.

RESULTS AND DISCUSSION
High-Throughput Computational Screening. To iden-

tify lanthanide dopant compositions that exhibit nonresonant
upconversion when excited in the NIR-II window, we used a
high-throughput computational method that we have devel-
oped to predict brighter dopant compositions for imaging
single UCNPs18 and to explain the mechanisms of spectral
purity in codoped upconverting nanoparticles.14,29 These
differential rate equation calculations deterministically solve
the populations of each lanthanide 4fN manifold using rate
constants derived from Judd−Ofelt theory31 and other
photophysical models.12 For this work we explored materials
that can be excited at 1064 nm, since this is a common laser
wavelength30,32 and falls within the NIR-II window.
To begin, we calculated the upconverted luminescence

spectra of β-NaYF4 doped with every combination of one, two,
and three distinct lanthanide dopants (out of 10, excluding
La3+, Ce3+, Pr3+, Pm3+, and Lu3+), with each dopant comprising
one atomic percent of the rare-earth content of the nano-
particle. The intensity of each composition was characterized by
its emission rate (photons/s) integrated from 300 to 900 nm
under 1064 nm excitation (105 W/cm2). Nanoparticles
containing Tm3+ exhibited the highest rates of upconverted
luminescence (Figure 2a) and among the highest rates of
absorption at 1064 nm. Codoping these nanoparticles with
additional ions did not enhance the emission, which is
dominated by the Tm3+: 3H4 → 3H6 transition at 800 nm.
Materials sensitized with Yb3+ were also predicted to absorb
1064 nm excitation in the absence of Tm3+, but the emission
intensities of Yb3+-sensitized UCNPs were calculated to be an
order of magnitude lower than Tm3+-doped nanoparticles due
to the requirement of phonon assistance. Codoping Yb3+ with
Tm3+ did not increase emission relative to UCNPs doped with
Tm3+ only (Figure 2a).
The emergence of Tm3+-doped nanoparticles as the brightest

emitters under 1064 nm excitation was unexpected, since their
calculated energy levels cannot host ground-state transitions
resonant with 1064 nm light. Reported absorption spectra for
Tm3+-doped materials33,34 measured under fluxes characteristic
of typical spectrophotometers show no absorption peak at this
wavelength (reproduced in Figures S1 and S2). The minimal
GSA occurs through the high-energy tail, or phonon sideband,
of the Tm3+:3H6 →

3H5 GSA peak centered at 1200 nm. We
calculated absorption cross sections at 1064 nm (σ1064 ∼5 ×
10−23 cm2) that were 100-fold smaller than the peak values at
1200 nm. The low absorption at 1064 nm,consistent with
experimental cross sections below 1 × 10−22 cm2,33,34 may
explain why there are few reports of upconversion in Tm3+-
doped materials excited at 1064 nm34−36 and none describing
colloidal nanoparticles.
Experimental Validation. To resolve this discrepancy

between our predicted results and the dearth of reports
observing 1064 nm absorption in Tm3+, we synthesized a
library of β-NaYF4 nanoparticles doped with Tm3+ concen-
trations ranging from 0.1 to 1.5 at %.9 Although Gd3+ does not
actively enhance the optical properties of Tm3+-doped ELNPs,
we codoped them with 20% Gd3+ to ensure growth in the
hexagonal β-phase of NaYF4 rather than in the less efficient
cubic phase.28,37 NIR absorption spectra of these nanoparticles

did not exhibit discernible absorption at 1064 nm. At 1064 nm
illumination below 103 W/cm2, characteristic of ensemble
measurements in benchtop spectrometers, no upconverted
emission was detected. However, at excitation fluxes >3 × 103

W/cm2 in a confocal microscope, the particles produced
upconverted emission at 800 nm characteristic of Tm3+: 3H4 →
3H6 electric dipole radiation (Figure 2b), as predicted by
calculations. The strong dependence of the emission on the
excitation power, shown in Figure 3a, may explain the dearth of
reports on this system outside of lasing studies.

Mechanistic Analysis of Looping. We sought to elucidate
a mechanism for the nonresonant excitation of upconverted
emission in Tm3+:NaYF4. The emission intensity I exhibited a
high dependence on laser power density (P) with the slope of
the log I vs log P plot increasing from 2.6 ± 0.2 to 3.2 ± 0.2
before saturating at a slope of 0.95 ± 0.02 (Figure 3a). The

Figure 2. (a) High-throughput computational screening of singly,
doubly, and triply doped NaYF4 with the concentration of each
lanthanide dopant fixed at 1 at %. Calculated emission intensity,
integrated between 300 and 900 nm, is plotted vs absorption at
1064 nm (105 W/cm2). Colors represent the mean weighted
wavelength for the 300−900 nm emission range. Elements in
parentheses denote optional dopants that do not affect the outcome
for these compositions. (b) Experimental upconversion lumines-
cence spectra of NaYF4:20% Gd3+, 0.5% Tm3+ nanoparticles excited
at 1064 nm (5 × 105 W/cm2). Inset: transmission electron
micrograph of the measured nanoparticles.
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sigmoidal power dependence suggests a mechanism that is
more complex than traditional, two-photon upconversion
mechanisms involving sequential GSA/ESA or ETU (Figure
1b).11 Since the combined energy of two or more, 1064 nm
photons significantly exceeds the energy necessary to upconvert
them to an 800 nm photon, a slope near three indicates that
rapid, nonradiative processes such as cross-relaxation must be
competing with radiative pathways. The increasing emission
intensity with Tm3+ concentration (Figure 3b) further suggests
a mechanism dependent on energy transfer between Tm3+ ions.
This combination of nonresonant GSA, strong power depend-
ence, and reliance on energy transfer led us to hypothesize a
mechanism involving moderate looping.
To quantitatively derive this looping mechanism, we

returned to our rate equation calculations, whose power
dependence and concentration dependence trends are qual-
itatively consistent with experimental data (Figure 3). We
reconstructed the critical pathway for the upconverted emission
in Tm3+:NaYF4 by recursively tracing the transitions that
contribute to the population (at least 80%) of the 800 nm
emitting state.29 This computational analysis, calculated at 105

W/cm2 excitation and 1% Tm3+, produced the quantitative
steady-state mechanism shown in Figure 4 (rates are depicted
by the thickness of the arrows and are given in Table S4). In
the critical pathway, a weak, off-resonant GSA transition (step 1
in Figure 4) is followed by a resonant ESA transition to the
2F2,3 manifolds (step 2, identified in the text as ESA2). Since the
3F4 →

3F2 ESA transition is resonant at 1064 nm, it proceeds at
roughly 50 times the rate of GSA.
Following multiphonon relaxation (MPR) to the 3H4

manifold, one Tm3+ ion can cross-relax by donating energy
partially to a second Tm3+ ion in its ground state (step 3, or
CR3), resulting in two Tm3+ ions in their intermediate 3F4 state.

Each of these two ions can repeat the ESA2-CR3 “loop”
multiple times. In theory, the population of the 3F4 manifold
doubles with each looping cycle, explaining the inversion of the
steady-state 3F4 and

3H6 populations (Figure S3).
If the population of the Tm3+:3F4 manifold did increase

exponentially, the mechanism depicted in Figure 4 would be
considered a photon avalanche (PA) process. A process is
classified as PA when the ratio of the ESA and GSA rate
constants, R = AGSA/AESA, lies below a critical value of Rmax =
10−4.38 For Tm3+-doped materials excited at 1064 nm, PA
behavior has only been observed in bulk materials at cryogenic
temperatures.39

At ambient or elevated temperatures, Tm3+-doped NaYF4
nanoparticles excited at 1064 nm exhibit R ∼ 0.02. Since R >
Rmax, we attribute the upconversion of 1064 nm light in these
materials to looping. Unlike in PA, the looping cycle in Tm3+-
doped ELNPs experiences significant losses, most notably
through radiative relaxation from the 3H4 to the 3H6 manifold,
emitting upconverted light at 800 nm (step 5, Figure 4).
Additional energy leaks out of the energy loop via cross
relaxation in step 4 and radiative relaxation in step 6 (Figure 4).
These energy leaks result in subexponential growth with each
ESA2-CR3 loop. The moderate looping (R ∼ 0.02) provides a
rationalization for the subtle increase in the slope of the power
dependence (Figure 3a), rather than a more abrupt sigmoidal
curve indicative of PA.39,40

To highlight the dominant role of looping in this
upconversion mechanism, we discuss relative probabilities of
transitions in terms of a total branching ratio β′, which is the
ratio of the rate of a process to the aggregate rate of all
photophysical processes that originate from the same
manifold29 (see additional analytical methods in the Supporting
Information). For transitions originating from the 3H4
manifold, the CR3 step responsible for looping has β′CR3 =
0.35, the most probable relaxation pathway from this manifold.
Physically, this means that for every 100 ions occupying a 3H4

Figure 3. (a) Dependence of the 800 nm upconverted luminescence
from 0.5% Tm3+ ELNPs on excitation power density at 1064 nm.
Slopes are marked on experimental data, with the numeral in
parentheses indicating the standard deviation of the last digit. (b)
Dependence of emission intensity on Tm3+ concentration at 105

W/cm2 power density.

Figure 4. Looping mechanism in Tm3+-doped NaYF4. Energy levels
represent 4f12 manifolds of Tm3+. Arrows are manifold-to-manifold
transitions as described in the legend. The thickness of the arrows
varies logarithmically with the rate of the transition at steady state,
as calculated for 1% Tm3+ at 1064 nm excitation (105 W/cm2).
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manifold under steady-state conditions, 35 will relax via CR3
and increase the population of the 3F4 manifold by 70 ions.
Radiative emission (Em5) is the next most likely transition with
a β′Em5 = 0.22. The CR3 cross-relaxation is so dominant at
steady state that it, not GSA, accounts for 85% of the
transitions involving the ground state. 62% of all transitions
from the intermediate 3F4 “reservoir” state are ESA, highlighting
the power of the looping cycle to promote excited-state
transitions. We note that it is the unique electronic structure of
Tm3+ that fosters this balance of ESA, CR, and emission that is
essential for hosting efficient looping at 1064 nm.
Quantum Yield. To quantify the efficiency of Tm3+-doped

ELNPs, we calculated their theoretical quantum yield (QY)
from the excitation and emission rates output from our
modeling. We previously used this method, detailed in the
Supporting Information, to reproduce the experimental QY of
Er3+- and Yb3+-doped UCNPs.18,29 This theoretical approach is
necessary since relative QY standards do not exist for
upconversion of 1064 nm light, and since absolute quantum
yields are difficult to measure experimentally at the photon
fluxes required to induce looping. Our calculations (Table S5)
reveal that, for bulk and highly passivated core−shell
nanoparticles, the 800 nm emission from 1.5% Tm3+-doped
NaYF4 exhibits a theoretical QY of 20% when excited with 1064
nm light at 105 W/cm2. In practice, surface quenching reduces
the QY of lanthanide-doped nanoparticles, a phenomenon that
we modeled by incorporating nonemissive surface species that
accept energy from emissive dopants.18 For 8 nm ELNPs
doped with 1 to 20% Tm3+, we calculated quantum yields from
0.03 to 0.05% (Table S5). These QY values are comparable to
values that we previously measured for 8 nm nanoparticles of
the canonical NaYF4:20% Yb3+, 2% Er3+ upconverting materi-
al.18 We anticipate that high-quality passivation of ELNPs with
undoped shells will allow us to realize QYs that approach
theoretical limits. We note that for biological imaging, the
brightness, not QY, determines imaging speed and sensitivity.
The overall emission intensity of Tm3+-doped ELNPs exceeds
that of any other lanthanide-doped system under 1064 nm
excitation (Figure 2a), suggesting the utility of ELNPs for
imaging cells and tissue.
Imaging ELNPs in Mammalian Cells. Live cells have

commonly been manipulated with cw 1064 nm lasers, but
rarely imaged30 (two-photon microscopy30 and photoacoustic
experiments41 that use 1064 nm typically use pulsed lasers).
For optical imaging, excitation at NIR-II wavelengths and anti-
Stokes NIR emission suggests the possibility of imaging with
little or no phototoxicity or autofluorescent background. We
sought to demonstrate that ELNPs could be deployed and
unambiguously visualized inside cells with 1064 nm excitation.
ELNPs (11 nm diameter; 1.5% Tm3+) with 2 nm undoped
shells42,43 were first treated with mild acid to remove their
native hydrophobic ligands44 and then characterized by DLS to
ensure the resulting aqueous dispersion did not contain
aggregates (Figure S6). We examined these nanoparticles for
signs of cytotoxicity using a luminescence assay that measures
cell viability (Figure S8 and Methods). HeLa cells were
incubated with ELNPs for 17 h for uptake by nonspecific
endocytosis, and metabolic activity was measured relative to
cells treated with a known apoptotic inducer, staurosporine
(STS). ELNP-treated cells showed significant differences in
viability compared to STS-treated cells (p < 0.001), but not to
vehicle-only controls (p > 0.05). Following cell fixation,
confocal microscopy and spectral images acquired with 1064

nm excitation and 800 nm emission show punctate patterns
that correspond to endosomal staining with no discernible
background (Figure 5). To confirm that this emission is due to

the ELNPs and not two-photon autofluorescence, we treated a
control population of HeLa cells with an identical procedure
that excluded ELNPs, and no 800 nm signal above background
could be detected (Figures 5d and S7).
These initial results illustrate the added leverage of ELNPs as

biological labels that can be excited nondestructively at 1064
nm with no detectable autofluorescence. However, these
materials will provide maximal biological utility when used to
image live cells. Toward this end, we investigated the
phototoxicity of 1064 nm exposure to determine the tolerance
of live mammalian cells to long-term ELNP imaging (Figure 6).
Cell tolerance to 106 W/cm2, 1064 nm exposure was assayed in
a time course using propidium iodide (PI), a DNA intercalating
dye that exhibits 617 nm emission only when the cell
membrane is compromised. Integrated PI emission intensities
from HeLa cells imaged under 1064 nm excitation for up to
157 min exhibited no measurable difference from the PI
emission of unimaged cells, with only autofluorescent back-
ground apparent (Figures 6 and S9). The 157 min maximum
acquisition time corresponded to 43 min of actual exposure to
1064 nm excitation (see Supporting Information for live cell
imaging methods). At exposure times longer than 43 min,
HeLa cells began to exhibit PI emission, indicating initial signs
of cellular distress (Figures 6f and S9d). While NIR excitation
at these fluences is likely to generate some heat, there is
precedent for imaging or trapping in the NIR without any
observable hyperthermia.7,45 The lack of observed phototoxicity
in our experiments may arise from the ca. 20 °C difference
between room temperature and the temperature threshold for
cellular hyperthermia.46 We also note that these PI assays offer

Figure 5. Confocal imaging of HeLa cells fixed after incubation with
1.5% Tm3+ ELNPs. Bright-field (a), luminescence integrated
between 740 and 870 nm (b), and overlaid micrographs (c)
under 1064 nm excitation (106 W/cm2). Luminescence spectra (d)
from numbered points in (c). Note the absence of measurable 800
nm emission outside of cell boundaries (3) and in a vehicle control
lacking ELNPs (Figure S7).
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a second, independent test of ELNP cytotoxicity, with no
detectable effects on either membrane integrity or cell
metabolism. These studies demonstrate that HeLa cells remain
viable under the high excitation intensities required to image
ELNPs in live cells (Figure 6). Since these exposure times (>30
min) exceed typical acquisition times for confocal microscopy
of biological specimens, ELNPs may be applied to address
biological questions that require examination over repeated or
extended time scales.
Imaging through Deep Tissue and Other Scattering

Media. Given the ability of Tm3+-doped ELNPs to be excited
in the NIR-II window, we reasoned that these energy-looping
nanomaterials could be imaged with high resolution through
highly scattering media. As discussed earlier, optical prop-
agation loss in mouse brain tissue is significantly lower at 1064
nm compared to the loss at 800, 1550, and even 980 nm,
suggesting that Tm3+-doped ELNPs could be imaged at depths
currently out of the range of UCNPs. To make a tissue-like
medium that mimics the optical properties of brain tissue, we
cast phantoms of 1% w/v agarose with 0−0.5% w/v Intralipid

(IL) emulsion. By changing the concentration of agarose and
IL, we could precisely control the optical propagation loss
within the phantom gels. We did not incorporate visible dyes
since the dominant mode of NIR attenuation in tissue is
scattering and absorption by water or organic molecules. The
transmission spectrum of these phantoms qualitatively matched
that of fixed mouse brain (Figure 7a). Due to their scattering at
visible wavelengths, 1 mm-thick phantoms with 0.25 to 0.5% IL
appeared opaque (Figure 7b).
We sought to benchmark these ELNP probes by creating

features that could be imaged systematically through different
tissues and phantoms. We loaded polystyrene (PS) beads47 (d
= 5 μm) with core−shell ELNPs with 0.5% Tm3+. The beads
were dried on silicon dies and fixed in a rigid frame so that the
same beads could be imaged reproducibly through a range of
phantoms placed above the beads (Figure S11) and with the
same excitation power. This method enabled us to definitively
measure the impact of different phantoms and tissue on the
attenuation of ELNP emission and the impact on the resolution
of confocal imaging.
When imaging through 1 mm of phantom (0.25% IL), the

ELNP-loaded beads could be resolved readily (Figure 7c) via
scanning confocal microscopy with 1064 nm excitation and
emission spectra collected around 800 nm. At the same
excitation power at the microscope objective, the emission
signal Sphantom collected from beads excited and emitting
through the phantom, was reduced to an average of Sphantom/S0
= 36% of the emission signal S0 from the beads collected with
no phantom. This 64% reduction in signal is the consequence
of the attenuation of the 1064 nm excitation as it passes
through the phantom to the beads, combined with the
attenuation of the 800 nm emission returning to the objective
through the phantom.
To compare 1064 nm imaging with current state-of-the-art

UCNPs, we used 785 nm excitation in the same confocal
microscope to image 5 μm beads loaded with NaYF4
nanoparticles doped with Nd3+, Yb3+, Ho3+, and Gd3+ (20/
10/2/20%) and coated with a NaYF4:20% Gd3+ shell. At the
same 106 W/cm2 power density used for the ELNPs, these 785
nm-excited beads could still be resolved through the same, 1
mm thick phantom (Figures S12 and S13). However, the
average Sphantom/S0 ratios for the 540 and 640 nm emission
peaks of these Nd3+-sensitized UCNPs were only 2.8 and 7.4%,
respectively (Figure 7e) or 5- to 13-fold less than for Tm3+-
doped ELNPs under 1 mm phantom. The larger Sphantom/S0
ratio of ELNPs relative to UCNPs is due to the greater
transmission of the ELNPs’ NIR excitation and emission
wavelengths through the phantom (Figure 7d). Since confocal
imaging depths in tissue are predominantly limited by signal
retention,48 these results suggest that the maximum imaging
depths of ELNPs under 1064 nm excitation may substantially
exceed those of UCNPs.

Imaging through Brain Tissue. To demonstrate the
ability to probe through actual, highly scattering tissue, we used
confocal imaging of ELNPs at 1064 nm to perform high-
resolution imaging through fixed coronal slices of adult mouse
brain49 (Figure 8a). We imaged the same constellation of
ELNP-loaded beads through the frontal cortex of brain slices
with thicknesses of 0.5 and 1.0 mm (thicknesses were measured
before fixing). As shown in Figure 8b, the 5 μm beads were
clearly resolved with 1064 nm confocal microscopy through the
thickest mouse brain slice (1.0 mm). In contrast, the Nd3+-
sensitized beads excited at 785 nm could only be resolved

Figure 6. Confocal imaging of live HeLa cells after treatment with
1.5% Tm3+ ELNPs. Bright-field (a), luminescence integrated
between 740 and 870 nm (b), and overlaid micrographs (c)
under 1064 nm excitation (106 W/cm2). (d) Micrograph of cellular
autofluorescence excited at 488 nm following imaging over 23 min
at 1064 nm. Scale bars are identical between (a) and (c) and
between (b) and (d). Emission spectra (e) and integrated emission
intensities (f) from PI-stained HeLa cells excited at 514 nm after
five different exposures to 1064 nm excitation, or after exposure to
1 μM STS (positive control). Note the absence of measurable PI
emission relative to the STS control, indicating cell viability even
after exposure to 1064 nm excitation for up to 43 min. Emission
micrographs of cells treated with PI (Figure S9) and STS (Figure
S10) are shown in the Supporting Information.
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through 0.5 mm of brain tissue (Figure S14). No signal could
be detected for the Nd3+-sensitized UCNPs through 1.0 mm of
mouse brain, thus a side-by-side comparison of Tm3+-doped

ELNPs and Nd3+-sensitized UCNPs at this brain thickness was
not possible.
Line cuts of a small cluster of ELNPs not associated with any

microbeads (Figure 8c) show no evidence for loss of resolution
through the brain slice when imaging with 1064 nm, consistent
with prior multiphoton investigations in turbid media.48 The
fwhm of 2.0 μm at 1 mm imaging depth is comparable to fwhm
values of 0.9 μm observed by Xu et al.1 at similar depth (844
μm) using three-photon imaging with 1700 nm excitation. The
2.0 μm features observed with ELNPs through brain tissue are
finer than capillaries in mouse brain (d ≈ 3 μm).1 Our results
demonstrate the utility of ELNPs excited at 1064 nm both for
high fidelity imaging through cells and also for deep brain
imaging through at least 1 mm of tissue, at depths and feature
sizes comparable to that of state-of-the-art multiphoton
methods.

Discussion. In this work, we present a class of nanoma-
terials, ELNPs, that produce upconverted luminescence when
excited at wavelengths far from their ground-state resonances.
This phenomenon allows ELNPs to be imaged with NIR-II
light in cells and deep tissue using commonly available cw lasers
and standard silicon detectors. The energy-looping mechanism
employed by these materials allows them to bypass weak GSA
transitions in favor of strong ESA transitions, a concept that has
not been leveraged for biological imaging. Although energy
looping has been observed in bulk24,39,40 and nanoscale
materials,25−27 it has not been exploited as a method for
broadening the range of wavelengths that can be used to excite

Figure 7. (a) Comparison of the transmission spectra of mouse brain and phantom (1% agarose, 0.5% IL). The thickness of both samples was
1 mm. (b) Photograph of phantoms at five IL concentrations. (c) Confocal luminescence micrographs of 5 μm PS beads loaded with 0.5%
Tm3+ ELNPs imaged directly and through 1 mm of 0.25% IL phantom (1064 nm ex., 740−870 nm em.). (d) Transmission spectrum of the
0.25% IL phantom, superimposed with the excitation and emission wavelengths of Tm3+-ELNPs (red) and NaYF4:Gd

3+, Nd3+, Yb3+, Ho3+

UCNPs (20/20/10/2%) (green). (e) Comparison of intensities of beads loaded with Tm3+ ELNPs or Nd3-sensitized UCNPs (785 nm ex., 540
and 640 nm em.) imaged through the 0.25% IL phantom. Relative intensities for each type of bead are reported as the ratio of the intensities
(Sphantom/S0) with and without the 1 mm phantom above the beads at 106 W/cm2 excitation. Error bars represent standard deviation across N
= 6 microbeads. Inset: Intensity line cuts for the two lowest beads in (c) when excited at 1064 nm with (pink) and without phantom (red).

Figure 8. (a) Representative mouse brain slice through which
ELNP beads were imaged. (b) Bright-field and confocal
luminescence micrographs of Tm3+-doped ELNP beads imaged
through 0, 0.5, and 1 mm-thick brain slices (1064 nm ex., 106 W/
cm2). (c) Intensity line cuts of unbound ELNPs as measured along
the white dashed line shown in (b), illustrating 2 μm resolution
through 1 mm brain slices. A magnified view of this region is shown
in Figure S15.
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colloidal nanoparticles doped with lanthanide ions. Energy
looping may have been overlooked due to its association with
photon avalanche. Looping, however, is generally more
compatible with biological imaging since it does not require
the long induction times, extreme powers, or cryogenic
temperatures needed for PA.23

We anticipate that an entire class of energy-looping systems
can be uncovered using our combinatorial and theoretical
approaches. From a purely statistical perspective, the
probability of finding a resonant ESA transition in a lanthanide
ion with N manifolds is a factor of ∼N/2 greater than finding a
resonant GSA transition, since there are (N − 1)(N − 2)/2
ESA transitions and only N − 1 GSA transitions. Since the
critical feature in looping is the cross-relaxation step that
amplifies a strong-absorbing intermediate state, the high-
throughput theoretical screening presented offers a powerful
strategy for identifying lanthanide systems with energy levels
that host strong ESA in conjunction with a population-
multiplying CR step. In combination with experimental
validation, our high-throughput pipeline can be extended to
target ELNPs excited at additional laser lines in the NIR-II and
other windows, e.g., at 1310, 1650, and 1850 nm.
The Tm3+-doped ELNPs reported here are specifically

designed to leverage the lower energy and tissue absorption
of 1064 nm light, substantially reducing phototoxicity and
sample heating. This is a significant design feature since the
high excitation power densities required for energy looping and
confocal microscopy (104−106 W/cm2) would otherwise
prohibit the application of ELNPs to biological imaging if
using ultraviolet or visible excitation. In addition to the cell
viability experiments and live cell imaging reported here, the
compatibility of high intensity, 1064 nm excitation (106 W/
cm2) with biological samples has been demonstrated by others
through the optical trapping of red blood cells in live mice7 and
by the ex vivo observation of neuronal growth50 and cell
division8 in optical traps. The powers utilized here for cell and
tissue imaging of ELNPs are also substantially lower than the
1011−1012 W/cm2 peak powers commonly used for in vivo
multiphoton imaging with NIR pulsed lasers.1 Thus, the
wavelength and fluence of the 1064 nm light used to excite
Tm3+-doped ELNPs are compatible with a diverse range of
biological imaging applications.
Imaging in live cells and tissue will benefit from additional

reduction in photon dose, which can be realized through
enhancements in ELNP brightness and lower looping threshold
powers. ELNP emission intensities may be increased through
rational design of energy transfer in complex heterostructures,
by optimizing dopant concentrations for high excitation power
densities,51 by codoping with multiple ions,13 or by
sensitization with organic dyes.52 In-depth photophysical
analysis will increase the fundamental understanding of the
mechanisms that support the looping process, directing
exploration toward structures that limit the loss of energy
from the ESA-CR cycle (Figure 4). Brighter luminescence and
lower looping thresholds will reduce the need for high
excitation fluxes, although current threshold powers around
104 W/cm2 are already in the range commonly used for
confocal imaging, optical trapping, and single nanoparticle
microscopy.18

Even without these improvements, the ELNPs reported here
still exhibit sufficient intensity to be imaged effectively through
1 mm of highly scattering tissue and within cells. In
comparison, scattering discourages imaging in tissue at depths

>150 μm with visible light6 and >500 μm with NIR-I light48

(confirmed by confocal imaging in this work using 785 nm
excitation). Imaging ELNPs in cells will be important for
witnessing real-time flux of cellular analytes at the single cell
level. Tailoring their surface conjugation will facilitate their use
as live cell reporters or tumor resection imaging probes. Future
studies in three-dimensional cell culture and animal model
systems will prove to be the next step in deep brain imaging
using ELNPs excited at NIR-II wavelengths. ELNPs will
provide opportunities to interrogate more fully the provocative
questions about the brain and permit answers to emerge
concerning the relationship between neural homeostasis, injury,
and disease. Beyond upconversion imaging, energy looping may
also prove useful for sensitizing downconversion and for
activating biological processes, such as the release of therapeutic
agents or optogenetic stimulation of neurons.52

CONCLUSION

We have used an energy-looping mechanism to nonresonantly
excite upconversion in Tm3+-doped NaYF4 nanoparticles with
1064 nm light. We uncovered these compositions and their
underlying mechanisms through high-throughput computa-
tional screening based on Judd−Ofelt theory and semiempirical
energy-transfer models. The computationally derived energy-
looping mechanism was supported by the experimental
dependence of the intensity on the excitation power and
Tm3+ concentration. The minimal absorption of 1064 nm light
by fixed mammalian cells enabled confocal imaging with no
detectable autofluorescence, using a common cw laser that until
now has not been leveraged for luminescence imaging of
biological specimens. We used the ability to excite these ELNPs
at nonscattering wavelengths to image as deep as 1 mm into
tissue-mimicking phantoms and brain tissue. At these
thicknesses, the phantoms and tissue attenuated the collected
upconversion luminescence signal 5- to 13-fold less than state-
of-the-art UCNPs excited at 785 nm. These ELNP particles
thus enable the observation of ca. 2 μm features millimeters
deep in tissue. These feature sizes and imaging depths are
comparable to those demonstrated with state-of-the-art multi-
photon techniques, with significantly smaller cost and infra-
structure. Finally, this mechanism and computational screening
strategy can be used to uncover a broader library of ELNP
nanoparticles excited at common NIR laser diode wavelengths
that have high transmission in brain, porous materials, and
other highly scattering media.

METHODS
Materials. Sodium trifluoroacetate, sodium oleate, ammonium

fluoride, lanthanide chlorides (99.9+%), oleic acid (OA) (90%), 1-
octadecene (ODE) (90%), agarose, Intralipid (IL), 5 μm polystyrene
(PS) beads (10% w/v), and phosphate buffer saline (PBS) were
purchased from Sigma. Paraformaldehyde was purchased from
Electron Microscopy Science.

Synthesis of Core and Core/Shell ELNPs. NaYF4:20% Gd3+,
Tm3+ particles with diameter d = 11 ± 1 nm were synthesized based
on reported procedures9 and optimized using the Workstation for
Automated Nanocrystal Discovery and Analysis (WANDA), a high-
throughput robot at the Molecular Foundry.28 Tm3+ was doped from
0.1 to 1.5 at % relative to the total rare-earth content (Y, Gd, Tm).

A 2 nm-thick NaGdF4 shell was grown on selected ELNP cores
using a layer-by-layer protocol modified from Li et al.42 and adapted
for WANDA as described in Mehra et al.43 Briefly, 6 mL ODE and 4
mL OA were added to the dried ELNP cores and heated to 275 °C in
the WANDA glovebox. The automated protocol alternated between
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injections of a 0.2 M sodium trifluoroacetate in OA/ODE (25% v/v)
solution and a 0.2 M gadolinium oleate solution in OA/ODE (40% v/
v) in a 2:1 mol ratio of sodium to gadolinium precursor. One injection
was performed every 15 min for a total of 12 injections (6 injections
for each precursor). Following the last injection, each reaction was
heated at 275 °C for an additional 30 min and then cooled by nitrogen
flow. Core−shell NaYF4 nanoparticles doped with Nd3+/Yb3+/Ho3+/
Gd3+ (20/10/2/20 at %) were synthesized using analogous methods.
Additional synthetic and characterization details are described in the
Supporting Information.
Loading NPs into PS Beads. Core−shell NPs were loaded into

microbeads47 (d = 5 μm) by swelling 0.5 mg of PS beads with 250 μL
of an 5% v/v chloroform solution in butanol. ELNPs (2 mg in 15 μL
hexane) were added to the bead suspension, followed by brief
vortexing. After stagnant incubation at 25 °C for 4 h, the beads were
washed four times total, alternating between ethanol and cyclohexane.
At the end of each wash step, the particles were centrifuged at 4200g
for 4 min, except for the last wash, which used 1500g for 2 min.
Confocal Microscopy and Spectroscopy. UCNP emission

measurements were performed using a Horiba Jobin Yvon LabRAM
ARAMIS confocal microscope with filters purchased from Semrock.
ELNPs were excited with a 1064 nm cw laser (MPC) filtered with a
1064 nm laser-line (LL) filter and 980 nm long-pass filter. An 890 nm
short pass (SP) filter was used both as a dichroic mirror and as an
emission filter. For emission maps of ELNPs, the 800 nm emission
peak was integrated between 740 and 870 nm. NaYF4: Nd

3+/Yb3+/
Ho3+/Gd3+ (20/10/2/20 at %) UCNPs with undoped shells were
imaged with a 785 nm laser (LaserQuantum) at 106 W/cm2 with
spectral acquisition from 450 to 700 nm. The laser was filtered with a
785 nm LL filter (Semrock). A 785 nm SP filter was the dichroic
mirror and emission filter. The 540 and 640 nm emission peaks were
integrated across ranges of 530−560 nm and 625−675 nm,
respectively. Spectral intensities were corrected for the wavelength-
dependent instrumental response using a calibrated lamp (Avantes).
Average excitation power densities were calculated using measured
laser powers and using the 1/e2 area calculated from the reflection of
the laser spot.
Ligand Removal. ELNPs were rendered hydrophilic for cell

studies using a procedure modified from Bogdan et al.44 ELNPs in
hexanes were dried in a vial under N2 flow and dispersed in 0.04 M
HCl in 80% ethanol (pH = 1.4) to give a 1 mg/mL solution. After 30
min sonication, 1 mL deionized water was added to the solution and
extracted twice against 1.5 mL diethyl ether. Trace diethyl ether in the
aqueous layer was removed with gentle N2 flow. The water-soluble
ELNPs were washed with water in a 30 kDa centrifugal filter
(Millipore) at 3000g. 120 μL of ligand-stripped ELNPs were retained
in the filter at ca. 10 mg/mL.
Cell Culture and Microscopy. HeLa cells were maintained in

DMEM (Sigma-Aldrich), 10% FBS (Gibco), and 1× penicillin/
streptomycin (Sigma-Aldrich) at 37 °C and 5% CO2. Ibidi μ-Slide VI

0.4

ibiTreat chambers were coated with 30 μL of 0.2 mg/mL fibronectin
(MP Biomedicals) in Dulbecco’s PBS (D-PBS) with CaCl2 and MgCl2
(Sigma-Aldrich) to give a 10 μg/cm2 coating density. Following 20
min incubation at room temperature, chambers were washed twice
with 150 μL D-PBS with CaCl2 and MgCl2. Chambers were seeded
with 3000 HeLa cells/cm2 and allowed to attach for 1.5 h at 37 °C and
5% CO2. Media was carefully removed and replaced with 30 μL of the
following reagents in complete DMEM media: ca. 140 nM ELNPs (9%
(v/v) added ELNP dispersion) or vehicle control. ELNP and vehicle
solutions in media were filter sterilized using a 0.22 μm syringe filter
(Pall) before treatment of the cells. After an overnight incubation (17
h) at 37 °C and 5% CO2, cells were washed twice with 150 μL D-PBS
with CaCl2 and MgCl2. Cells were fixed with 3.7% formaldehyde
(Sigma-Aldrich) in D-PBS with CaCl2 and MgCl2, incubated for 20
min at RT, and washed twice with 150 μL D-PBS with CaCl2 and
MgCl2. Fixed cells were imaged with a 1064 nm laser (106 W/cm2)
and 50× objective (0.75 NA) with a 50 μm pinhole with 0.35 s
acquisition time per pixel at 0.5 μm resolution.
Live Cell Imaging. HeLa cells were maintained in L-15 (Sigma-

Aldrich), 10% FBS (Gibco), and 1× penicillin/streptomycin (Sigma-

Aldrich) at 37 °C and 100% air. Ibidi μ-Slide I0.4 Luer ibiTreat
chambers were coated with fibronectin and seeded with 3000 HeLa
cells/cm2. Media was replaced with 200 μL of ca. 280 nM ELNPs or 1
μM staurosporine (STS). After overnight incubation at 37 °C, ELNP-
treated cells were washed three times with 200 μL complete L-15
media. Confocal imaging was conducted at 25 °C using 1064 nm
excitation (106 W/cm2) through a 50× objective (0.75 NA) with a 200
μm pinhole, 0.1 s acquisition time, at 0.75 μm resolution. Following
1064 nm imaging, cells were stained with 3 μg/mL PI in complete L-
15 media, then fixed with 3.7% formaldehyde (Sigma-Aldrich) in D-
PBS with CaCl2 and MgCl2. Using recorded coordinates of alignment
marks, the cell exposed to 1064 nm light was readily identified and
imaged on an inverted Zeiss LSM 710 confocal microscope through a
63× oil objective using a 488 nm laser (for autofluorescence) or 514
nm laser (PI).

CellTiter-Glo Viability Assay. Attached HeLa cells were
incubated for 17 h in 40 μL vehicle, ELNPs at ca. 140 nM, or 1 μM
STS (Sigma-Aldrich) in complete DMEM. 40 μL CellTiter-Glo
reagent (Promega) was then added to each cell chamber. Chamber
contents were mixed and transferred to a 96-well solid-white plate
(Corning) for luminescence measurements. To rule out interference
from ELNPs, the same procedure was repeated on vehicle and ELNP-
treated media without the presence of cells. Complete procedures for
cell viability assays and live cell imaging are given in the Supporting
Information.

Preparation of Phantoms. IL (0.1−0.5% w/v) was added to a
hot solution of agarose in deionized water (1% w/v). Phantoms 0.5−2
mm in thickness were cast between two coverslips separated by spacers
of known height. The molten agarose mixtures were injected into
these molds and allowed to solidify for 20 min.

Preparation of Mouse Brain Tissue. Animal tissue experiments
were performed in accordance with protocols approved by
Administrative Panels on Laboratory Animal Care at the University
of California, San Francisco and by an Animal Welfare Protocol
approved by Lawrence Berkeley National Laboratory. Brain slices were
prepared as described previously.49 Briefly, adult C57BL/6 mice (7−
10 weeks old) were anesthetized with isofluorane and decapitated.
Using a vibratome (Leica VT1200 S), coronal brain slices were
prepared at different thicknesses (ranging from 0.5 and 1 mm,
reported before fixation) in a chilled slicing solution consisting of 234
mM sucrose, 11 mM glucose, 24 mM NaHCO3, 2.5 mM KCl, 1.25
mM NaH2PO4, 10 mM MgSO4, and 0.5 mM CaCl. Slices were then
fixed overnight in 4% paraformaldehyde/1× PBS and then mounted
on glass coverslips with a glycerol-based medium (Vectashield, Vector
laboratories). Mouse brain transmission spectra were recorded with a
collimated beam using an ASD QualitySpec Pro Vis/NIR absorption
spectrometer.

Imaging through Phantoms and Brain Slices. ELNP-loaded
beads dispersed in ethanol were drop-cast on a silicon substrate and
dried to immobilize the beads to the substrate. The silicon substrate
was then mounted on a slide with double-sided adhesive tape. A spacer
(2 mm) on the slide was used to maintain a <100 μm gap between the
beads and the coverslip holding the phantom sample or brain tissue
sample. This geometry allowed for imaging of the identical
microparticles under different samples. ELNP emission was mapped
through phantoms of thickness from 1 to 2 mm, IL concentrations
from 0.1% to 0.5%, and brain tissue 0.5 and 1 mm thick. The power
density of the 1064 nm excitation was 106 W/cm2. XY maps were
acquired with resolution of 0.5−1.0 μm with a 200 μm pinhole and
imaged with a 50× 0.5NA objective (Olympus). Integration times
ranged from 0.1 to 2 s.

Data Analysis. To compare the intensities of ELNP and UCNP-
loaded microbeads, luminescence micrographs were analyzed in
ImageJ. Following background subtraction, the integrated intensity
of each bead was measured in a circular region of interest around the
bead. The signal retention ratio of the phantoms, Sphantom/S0, was
calculated by dividing the integrated intensity of bead luminescence,
Sphantom, measured through the phantom by the intensity S0 measured
without the phantom.
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