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Photoacoustic tomography offers a powerful tool to visualize biologically relevant molecules and
understand processes within living systems at high resolution in deep tissue, facilitated by the
conversion of incident photons into low-scattering acoustic waves through non-radiative relaxation.
Although current endogenous and exogenous photoacoustic contrast agents effectively enable
molecular imaging within deep tissues, their broad absorption spectra in the visible to near-infrared
(NIR) range limit photoacoustic multiplexed imaging. Here, we exploit the distinct ultrasharp NIR
absorption peaks of lanthanides to engineer a series of NIR photoacoustic nanocrystals. This
engineering involves precise host and dopant material composition, yielding nanocrystals with sharply
peaked photoacoustic absorption spectra (~3.2 nm width) and a ~10-fold enhancement in NIR optical
absorption for efficient deep tissue imaging. By combining photoacoustic tomography with these
engineered nanocrystals, we demonstrate photoacoustic multiplexed differential imaging with
substantially decreased background signals and enhanced precision and contrast.

Photoacoustic tomography (PAT) that capitalizes on the photoacoustic
(PA) effect is a powerful technique for biological research and medical
diagnosis. It combines the advantages of high optical contrast from light-
matter interactions with high spatial resolution from ultrasound detec-
tion, enabling molecular-level imaging within deep biological tissues'™.

images of deep tissue and molecular contrast, which other modalities often
struggle to achieve. Conventional optical imaging, for instance, is limited
in terms of penetration depth’. On the other hand, methods such as
magnetic resonance imaging, X-ray computed tomography, and ultra-
sound can provide deep tissue penetration but lack the ability to distin-

guish molecular contrasts effectively'’™"’.
PAT overcomes these limitations by leveraging interactions
between light and matters. Both endogenous and exogenous PA

While PA imaging provides contrast at all scales, ranging from
organelles"™ and cells’™' to whole bodies of small animals'>"* and human

organs'*™'S, its true strength lies in its ability to deliver high-resolution
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Fig. 1 | Near-infrared photoacoustic multiplexed differential imaging (NIR-
PAMD:i) through the use of sharp-peaked lanthanide nanocrystals. Photo-
excitation of Nd** phonon sensitizers in nanocrystal host lattices enables efficient
photon absorption and PA generation. The presence of Nd** in high concentration
quenches excitation energy and prevents photon emission through non-radiative
cross-relaxation. This non-radiative decay pathway can be further enhanced by
energy transfer to Sm** dopants, whose dense energy states match the intermediate
energy level ‘F,; of long-lifetime Nd*". Based on first principles phonon density of
states (PDOS) calculations, we hypothesize that host lattices with higher phonon

energies exhibit higher multiphonon relaxation rates (kp,p), which promote non-
radiative relaxation, leading to more pronounced phonon cascade events. Manip-
ulating the host material from fluoride (with a slow multiphonon relaxation rate,
kunp) to orthovanadate and hydroxide (with faster k,,;,) facilitates stronger host-
lattice vibrations, further promoting non-radiative energy dissipation from excited
ions. The increase in non-radiative decay of energy states consequently induces
thermal expansion at sharp wavelengths.

contrast agents use organic and inorganic molecules to transduce
photons to phonons“**. However, a significant challenge arises
from the broad absorption spectra exhibited by current contrast
agents. These absorption peaks are typically wide, with a full width at
half maximum (FWHM) ranging from 50nm to 200 nm. These
broad peaks lead to substantial spectral overlaps in PA signals,
making it challenging to conduct PA multiplexed imaging in deep
tissue. Therefore, it is essential to engineer PA agents with sharp
absorption peaks in the near-infrared (NIR) wavelength range to
enable deep-tissue multiplexed imaging®.

Herein, we report the development of nanocrystals that enhance
phonon generation and exhibit sharply peaked absorption in the NIR
region. Lanthanide elements have distinctively different photophysical
properties from other elements, thanks to their 4f-4f electronic transitions.
Only photons with specific energy and wavelengths to excite ground-state
electrons with unique energy absorption pathways during photoexcitation
can occur. The sharp absorption peaks are mainly attributed to the effective
shielding effects of the 4f electron orbitals by the 5s and 5p subshells. Hence,
there is little linewidth broadening from neighboring crystal ligand field
interactions (Fig. 1). Previous attempts to develop lanthanide-doped par-
ticles for PAT have either relied on upconversion luminescence®* to excite

molecular dyes for photothermal effects or employed surface quenching
mechanisms™** to induce PA effects. These strategies resulted in agents with
broadband absorption characteristics due to dye conjugation or weak PA
emission as a result of limited thermal generation with surface quenching.
We demonstrate that by engineering the host lattice of nanocrystals and the
dopant elements, sharp optical absorption peaks associated with these
stringent 4f-4f energy transitions can be enhanced.

Results and discussion

Nd**-doped nanocrystals exhibit sharp PA spectra

Neodymium (Nd**) was selected as the phonon sensitizer due to its sharp
NIR absorption peak near 800 nm*™", which is optimal for deep tissue
penetration in biological tissues. Lanthanide ions, including Nd**, are sus-
ceptible to cross-relaxation and non-radiative processes, particularly when
numerous excited Nd** states are present in nanocrystals. This can lead to a
loss of excitation energy and prevent photon emission””*". Moreover, the
closely spaced energy gaps in the Nd** 4f electronic structure make its *Fs,
emission state extremely prone to cross-relaxation at a short interionic
distance and heat generation at high doping concentrations’*’. While this
property is undesirable for photoluminescence, it is ideal for generating PA
waves, where phonon generation is preferred over photon emission. In
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Fig. 2 | Non-radiative relaxation pathways in Nd*"-doped lanthanide nanocrys-
tals and enhanced PA spectra. a Absorption spectrum revealing the significantly
sharper absorption profile of polyvinylpyrrolidone (PVP)-coated NaNdF, nano-
crystals (NaNdF,@PVP) compared with broadly absorbing polymeric BPTBZ
nanoparticles. b PA spectra of Nd**-doped NaYF,@PVP nanocrystals, showing a
positive correlation between PA amplitude and Nd** doping concentration. ¢ PA
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spectra of NaNdF,@PVP, NdVO,@PVP, and Nd(OH);@PVP nanocrystals,
demonstrating the effect of host selection on PA amplitude. d In vitro PA imaging of
NaNdF,@PVP, NdVO,@PVP, and Nd(OH);@PVP. (Scale bar: 1 mm) (e) PA sig-
nals recorded for various types of nanocrystals at different Sm>* dopant con-
centrations. The error bars denote the sample standard deviations.

contrast, conventional PA agents, despite having a high extinction coeffi-
cient, have broad absorption profiles due to their n-conjugated system or
plasmonic resonance. The choice of nanocrystal host lattice also influences
photon generation and, consequentially, phonon processes. Heavy halides
like chlorides, bromides, and iodides have low phonon energies, while
oxides exhibit higher phonon energies due to lattice vibrations (500 cm™*
and above)’. The selection of halides and oxides as host materials can
further expedite the non-radiative relaxation of excited Nd** ions through
multiphonon relaxation™”.

Considering these principles, we chose heavily doped fluoride nano-
particle as the PA probe. Optical absorption measurements of NaNdF,
nanocrystals (Supplementary Figs. 1, 2 and Supplementary Table 1)
revealed a sharp NIR absorption peak with a narrow FWHM of ~3.5 nm at
794 nm, corresponding to a strict 4/—4f energy transition state. In com-
parison, a polymeric PA contrast agent (BPTBZ dye) showed a typical
molecular dye absorption peak with a much broader FWHM of ~147 nm
(Fig. 2a and Supplementary Fig. 3). Increasing the phonon sensitizer Nd**
dopant within the fluoride lattice systematically increased absorbance and
introduced additional non-radiative pathways, resulting in higher PA
amplitude while preserving sharp peak characteristics (Fig. 2b and Sup-
plementary Figs. 4, 5).

Enhancing NIR phonon generation through host and dopant
engineering

In a fluoride host lattice, the presence of a weak optical phonon mode with
frequencies from 300 to 350 cm ™" leads to a slower multiphoton relaxation
process and relatively lower amplitudes in PA signals. On the other hand, an
orthovanadate (VO,) host lattice exhibits an intermediate optical phonon
mode at ~1000 cm ™. In contrast, the hydroxide (OH) host lattice stands out
due to its possession of six extremely high-frequency phonon modes, each
vibrating at ~3600cm™'. These elevated frequencies arise from the
stretching of O-H bonds (Supplementary Figs. 6 and 7). Notably, these high-
frequency phonon modes play a pivotal role in promoting non-radiative
decay processes and, as a result, facilitate the rapid generation of phonons.
Our rationale led us to explore the possibility of engineering host lattices
with progressively higher phonon modes, with the aim of facilitating faster
and more efficient non-radiative decay pathways from excited Nd’* ions
residing within the crystal lattice (Fig. 2c). Our experiments demonstrated a
direct relationship between the host lattice’s phonon energy and the
resulting PA amplitudes. Specifically, as we transitioned from fluoride (F) to
VO, to OH host lattices (Supplementary Figs. 1, 8, 9 and Supplementary
Tables 2, 3), each characterized by increasing phonon energies, we observed
a systematic increase in the net PA amplitude (Fig. 2c). OH host lattices
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ground state of Sm®*; K, denotes the radiative decay constant in the excited Nd**; K,
denotes the equilibration of excited phonons; Ks}, denotes the nonradiative relaxa-
tion rate constant from an excited Sm®*. ¢ Normalized photoluminescence intensity
of PA contrast agents based on lanthanide doping with various host and dopant
compositions. d Calculated kinetics of thermalized phonon built-up influenced by
host and dopant compositions.

produced PA signals three times higher than F hosts and two times higher
than VO, hosts. This host-dependent variation in PA performance can be
attributed to differences in the rates of multiphonon relaxation of excited
Nd** ions (Supplementary Note 1). In vitro PA imaging further confirms
this trend, showing increasing PA amplitude with higher host lattice pho-
non energies (Fig. 2d). Intriguingly, the introduction of Sm** dopants in OH
hosts results in a 30% decrease in PA signals, despite a twofold reduction in
photoluminescence (Fig. 2e and Supplementary Figs. 10-12). This phe-
nomenon could be attributed to a slower non-radiative rate via Sm** fol-
lowing energy transfer from Nd’" compared to the non-radiative rate
directly from Nd*" in the OH host. It suggests that additional dopants within
OH hosts might redirect non-radiative pathways away from the high
phonon mode host lattices. These findings indicate that co-doping Sm**
alongside phonon sensitizers within host lattices reduces overall photo-
luminescence in nanocrystals while providing additional non-radiative
decay channels that enhance PA generation.

Mechanistic investigations

Phonon production within lanthanide-doped nanoparticles is a key factor
that can be engineered through host lattice manipulation and energy
transfer to co-dopant ions, ultimately governing the generation of PA sig-
nals (Fig. 3a). When an Nd** ion becomes excited, it has two primary
pathways for non-radiation to the ground state. It can either couple with the
vibrational modes of the host lattice, denoted as k;, or transfer its energy toa
neighboring Sm*" co-dopant with denser electronic levels, represented as k3
(Fig. 3b). Therefore, the difference in PA signal generation observed across

different hosts can be attributed to differences in k. For example, hydroxide
lattices exhibit high-energy vibrational modes, including six O-H stretching
modes (Supplementary Figs. 6 and 7), which significantly increase the value
k, in Y(OH);:Nd(75%) nanoparticles. Conversely, fluoride host lattices
primarily feature lower frequency phonon modes, reducing the value of k, in
NaYFE;:Nd(75%) nanoparticles. The disparities in k, were confirmed
through PL measurements, which exhibited an inversely proportional
relationship with k.

We systematically investigated the PL and PA effects of host lattices (F,
VO, and OH) while maintaining a constant 75% Nd** phonon sensitizer
concentration (Supplementary Figs. 11-13). The results revealed that
lanthanide-doped nanocrystals with enhanced phonon modes exhibited
lower PL intensities. Specifically, F host lattices exhibited the highest pho-
toluminescence intensities, while OH host lattices exhibited the lowest
photon emission (Fig. 3¢). This decrease in PL serves as evidence of reduced
radiative decay and an increase in non-radiative pathways leading to pho-
non generation. Furthermore, PA signal intensity has been shown to cor-
relate with the rate of heat generation™”. In our study, we modeled PA
signal generation using coupled kinetics rate equations (Fig. 3b and Sup-
plementary Note 2). The increased production rate of thermalized phonons
correlates with greater PA signal. Y(OH)3:Nd(75%) was estimated to have a
much higher non-radiative decay rate constant than YVO:Nd(75%) or
NaYF;Nd(75%) (20,160 ms ™" vs. 5400 ms ™" vs. 420 ms ") (Supplementary
Note 2). Therefore, one crucial factor contributing to the substantial increase
in PA amplitude is the accelerated production of thermally excited pho-
nons (Fig. 3d).
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Fig. 4 | Near-infrared photoacoustic multiplexed differential imaging (NIR-
PAMD:i). a Normalized absorption spectra of NaNdF,:Nd/Sm(75/25%),
NdVO,:Nd/Sm(75/25%), Nd(OH);, oxy-hemoglobin, and deoxy-hemoglobin.
Phonon-enhanced lanthanide nanocrystals display distinct sharp peaks compared
with the broader absorption files of endogenous chromophores. Note that
NaNdF,:Nd/Sm(75/25%) and NdVO:Nd/Sm(75/25%) are annotated as NaNdF,
and NdVO,. b Multiplexed PA imaging of tubes filled with phonon-enhanced
lanthanide nanocrystals and blood. Columns 1-4 show PA images excited at

865 nm, 871 nm, 878 nm, and 884 nm, respectively. Column 5 shows the differential
image, Ly = (Iges — Iggs) + (Lg71 — Iggs) + (Lgzs — Igsy), where

Iges, Ig s Ig7g, andlgg, are PA images acquired at 865 nm, 871 nm, 878 nm, and

884 nm, respectively. Column 6 shows multiplexed PA images after linear unmixing,
indicating the normalized concentrations of phonon-enhanced lanthanide nano-
crystals and hemoglobin. Oxy- and deoxy-hemoglobin are combined due to their
similar absorption coefficients at the excitation wavelengths. NaNdF,:Nd/Sm(75/
25%) and NdVO4:Nd/Sm(75/25%) are annotated as NaNdF, and NdVO,. “Norm.”
refers to normalized. ¢ PA signals of Nd(OH)3, blood, and a 10:1 mixture of the two
at alternating excitation wavelengths of 799 nm and 795 nm. Amplitude changes in
Nd(OH); are attributed to the large absorption difference between the two wave-
lengths. d Contrast-to-noise ratio of the differential images of Nd(OH)s, blood, and
the mixture. Bar graphs show the mean and standard deviation (s.d.).

Enhancing phonon generation for PA multiplexed imaging

The alternation of host lattices leads to changes in both the field strength and
the crystallographic point group of the active dopant Nd ions, resulting in
varying numbers of Stark lines and unique, sharp PA spectra for each host
crystal configuration™. In our pursuit of enhancing PA signals in Fand VO,
host lattices, we introduced an additional dopant, samarium, Sm>". Sm**
was chosen due to its densely packed energy states between °F, ;, and *Hs/,
energy states, which have a comparable energy gap to the ‘I, to ‘Fs/, energy
excitation pathway of Nd’*. Our rationale was that doping Sm®* into a host
lattice containing Nd** phonon sensitizers would facilitate energy transfer
from the excited *Fs/, state of Nd** to the °Fy;, state of Sm>" dopants. This
utilization of the dense energy states in Sm** would encourage non-radiative
decay pathways. We prepared two dopant compositions for each of these
two host nanocrystals: NaYF;:Nd(75%) vs. NaNdF;:Nd/Sm(75/25%) and
YVO4Nd(75%) vs. NdVO:Nd/Sm(75/25%) (Supplementary Figs. 10-13).
The introduction of 25% Sm** into hosts containing Nd** doubled the PA
amplitudes in both Y and VO, host lattices (Fig. 2e).

We next conducted NIR photoacoustic multiplexed differential ima-
ging (NIR-PAMDi) using these phonon-enhanced nanocrystals.
NaNdF4:Nd/Sm(75/25%), NdVO,:Nd/Sm(75/25%), and Nd(OH); exhib-
ited much sharper absorption peaks than hemoglobin (Fig. 4a), allowing for
linear unmixing within a narrow wavelength range (Supplementary Fig. 14
and Methods). The condition numbers for unmixing phonon-enhanced
lanthanide-doped nanocrystals with sharp absorption peaks are about two
orders of magnitude smaller than those for unmixing the organic chro-
mophores with broad absorption spectrum (Supplementary Fig. 14 and
Methods). We mixed the three phonon-enhanced nanocrystals separately

with whole blood and imaged the three mixtures together with a whole
blood sample in silicone tubes within a single frame at four wavelengths:
865 nm, 871 nm, 878 nm, and 884 nm (Fig. 4b). Each nanocrystal compo-
sition could be clearly distinguished in the images at their respective peak
excitation wavelengths of 865 nm, 871 nm, and 878 nm. Given that within
our illumination wavelength range of 865-884 nm, the absorption coeffi-
cients for oxy- and deoxy-hemoglobin (HbO, and HbR) are almost iden-
tical, we treated blood as a single-contrast agent, which displayed clear
visibility across all four images. Because of sharp absorption peaks, the
differential image accentuated signals from the three types of nanocrystals
while minimizing the interference from blood. Using linear unmixing, we
achieved multiplexed PA imaging of four different contrasts. We further
conducted experiments with Nd(OH); mixed with blood. By alternating the
illumination wavelengths between 794 nm and 799 nm (Fig. 4c and Sup-
plementary Fig. 15a), we would distinctly observe signal changes from
Nd(OH); and the mixture (volume ratio blood to Nd(OH)3, 10:1). Utilizing
NIR-PAMD, wherein we subtracted PA signals at the wavelength just 5 nm
away (794nm) from PA signals at the peak wavelength (799 nm), we
enhanced the contrast-to-noise ratio by ~40-fold and visualized phonon-
enhanced nanocrystals and the mixture (Fig. 4d). Moreover, we demon-
strated that Nd(OH); can be imaged at depths of up to 12 mm inside
chicken breast tissue (Supplementary Fig. 15b), proving its capability for in
vivo applications.

In vivo differential PAT
We next evaluated phonon-enhanced nanocrystals as a PA contrast agent
both in vitro and in vivo, and toxicity assessments of polyvinylpyrrolidone
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Fig. 5 | In vivo PA imaging of mouse brain vasculature. a Baseline PA image at
799 nm of the mouse brain, using hemoglobin as the contrast agent. b Differential
PA image of the mouse brain acquired between 799 nm and 794 nm after injection of
Nd(OH); nanocrystals, using both hemoglobin and lanthanide-doped nanocrystals
as contrast agents, revealing more detailed vasculature. ¢ Overlaid image of the
mouse brain after linear unmixing. Green represents hemoglobin contrast and
magenta represents the lanthanide nanocrystal contrast. d Contrast-to-noise ratio

plotted before and after Nd(OH); injection. e Line profiles along the yellow lines in
a and b, illustrating the improved visibility of cortical vessels due to Nd(OH);
injection. f Time course of PA amplitude at 794 nm and 799 nm, along with the
normalized differential signal, before, during, and after injection of Nd(OH)s.

g Fractional PA amplitude change (799 nm) throughout the experiments. Bar graphs
represent the respective mean and standard deviation (s.d.).

(PVP)-coated nanocrystals (Nd(OH); and NdVO,) revealed good bio-
compatibility (Supplementary Fig. 16). The cell viability of U-87MG cells
exposed to increasing mass concentrations of NdVO, and Nd(OH);
remained comparable to that of untreated U-87MG control cells, indicating
the non-cytotoxic nature of these nanocrystals in nanoparticle form. Mice
models used as control subjects, whether subjected to intravenous or
intratumoral injections, maintained stable body mass over a span of 20 days.

Given the superior performance in PA imaging, we opted to employ
Nd(OH); nanocrystals for in vivo PA experiments (Fig. 5). Moreover,
Nd(OH); demonstrated PA amplitudes surpassing those of previously
reported upconversion nanoprobes (Supplementary Fig. 17). To enable
NIR-PAMD, PA images were captured sequentially at 789 nm, 794 nm,
and 799 nm, at a rate of 100 Hz. Consequently, the effective frame rate for
multiplexed imaging reached 33.3 Hz. Initially, a baseline image of the
mouse cortical vasculature was acquired at 799 nm (Fig. 5a). Subsequently,
Nd(OH); nanoparticles were intravenously injected during imaging, lead-
ing to an evident enhancement in the contrast of small cortical vessels within
the 799 nm image. To enhance the visualization of the enhancement from
Nd(OH)s, we overlaid the differential image between 799 nm and 794 nm
onto the original 799 nm image (Fig. 5b). Utilizing just three narrow-
wavelength ranges (789 nm, 794 nm, and 799 nm), we effectively dis-
tinguished PA signals originating from Nd(OH)s, HbO,, and HbR, facili-
tated by the distinctive absorption peaks of Nd(OH);. The PA signals from
Nd(OH)s, depicted in magenta after linear unmixing, intensified the con-
trast and visibility of cortical vessels by a factor of two (Fig. 5c-e). We also
plotted the changes in PA signal amplitudes at 794 nm and 799 nm, along
with their differential amplitude over the course of the experiment (Fig. 5f).
The PA signals peaked at 10 seconds post-injection and gradually returned
to baseline levels over two hours, indicative of the efficient clearance of
Nd(OH); (Fig. 5g).

Conclusions

The utilization of lanthanide-doped nanocrystals represents a promising
avenue for advancing NIR PA contrast agents by harnessing the unique f-f
transition properties of lanthanide elements. We have shown that it is
possible to improve absorption cross-sections and PA signals through
dopant and host engineering. In future iterations of lanthanide-doped PA
contrast agents, there is an opportunity to explore a wide range of host
materials that could further enhance the PA signals or alternative doping
strategies that promote non-radiative relaxation in lanthanide-doped
nanocrystals, particularly by utilizing host materials with low quantum
yields.

Furthermore, phonon-enhanced lanthanide-doped nanocrystals are
well-suited for PA multiplexed imaging due to the unique sharp absorption
peaks and offer the possibility of reporting disease states in living systems.
Functional modifications, such as the attachment of antibodies or ligands,
enable targeting of specific cell surface receptors, providing information
about the functional status of tissues in physiological systems. Moreover,
these probes possess photothermal capabilities that make them versatile
tools for targeting specific cells for destruction through multimodal ther-
apeutic interventions.

Our research has pursued three distinct engineering approaches: the
use of phonon sensitizers, manipulation of host phonon modes, and co-
doping with lanthanide elements. We have incorporated an Nd** phonon
sensitizer into various host lattices to progressively increase phonon
modes. This deliberate engineering reduces photon emission while sig-
nificantly boosting phonon generation. Moreover, the introduction of
Sm’" as a co-dopant, with energy transfer states closely aligned with the
system, leads to additional non-radiative pathways. This co-doping
enhances the performance of PA imaging, especially in host lattices with F
and VO, By combining these three different approaches, we have
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achieved a high degree of sensitivity and specificity in vivo using
lanthanide-doped nanocrystals.

The synergistic combination of techniques has not only advanced the
field of PA imaging, but also paved the way for NIR-PAMDi. This advanced
imaging modality enables simultaneous visualization of multiple targets
with distinct lanthanide dopants and provides insights into their spatial
distribution and relative concentrations within biological tissues.

Methods

Instrumentation

Transmission electron (TEM) measurements were performed with a JEOL-
JEM 2010F field emission transmission electron microscope operated at an
acceleration voltage of 200kV. Raman spectral measurements were
obtained with a HORIBA Jobin Yvon Modular Raman microscope equip-
ped with two laser sources (514 nm and 633 nm). The spectrum was
scanned from 500 cm™" to 4000 cm™" using a 50x microscope objective.
FTIR spectra were obtained from Bruker Alpha FTIR spectroscopy in KBr
pellets.

Chemicals

All chemicals were of analytical grade and were used without further pur-
ification. Rare earth acetates, yttrium (III) acetate hydrate (Y(CH;CO,)3;
99.9%), and neodymium (III) acetate hydrate (Nd(CH5CO,)3; 99.9%) were
purchased from Sigma Aldrich. Rare-earth chlorides, yttrium (III) chloride
(>99.99%), neodymium (III) chloride (99.9%), and samarium (III) chloride
(>99.99 + %) were purchased from Sigma Aldrich. The following reagents
were also obtained from Sigma Aldrich: sodium orthovanadate (Na;VO,;
99.98%) oleic acid (90%), 1-Octadecene (90%), ammonium fluoride (NH,F;
>98%), sodium hydroxide (NaOH; >98%), HCL (37%), and poly-
vinylpyrrolidone (Mw = 55,000).

Synthesis of Nd-doped NaYF, nanocrystals

The procedure for synthesizing lanthanide-doped NaYF, nanocrystals
was adopted from Wang et al. with some modifications”. In a 50-mL
three-neck round-bottomed flask, 7 mL of 1-octadecene (ODE) and 3 mL
of oleic acid (OA) were mixed with 2mL of 0.2M Ln(CH3;COO);
(Ln=Y’*", Nd*") in aqueous solution. The mixture was stirred at 150 °C
for 90 min to yield lanthanide oleate complexes in organic media. The
light-yellow solution was cooled to 50 °C and then a mixture of NaOH
methanol solution (0.5M, 2 mL) and NH,F methanol solution (0.4 M,
4 mL) was added. For core-shell synthesis, the pre-made nanocrystals in
cyclohexane were added to the reaction flask directly before the addition
of the NaOH-NH,F mixture. After 30 min, the reaction mixture was
brought to 105 °C for 10 min, degassed, and purged with argon at least
three times. The reaction mixture was then heated to 290 °C for 2 h under
a nitrogen flow. The final product was then purified three times and re-
dispersed in 4 mL of cyclohexane.

Synthesis of ligand-free NaYF, nanocrystals

The as-synthesized NaYF, nanocrystals were transferred to the aqueous
phase by acid-induced ligand removal. First, 1 mL of 0.4 mmol nanocrystals
was added to 1 mL of ethanol and centrifuged at 16,500 rpm for 10 min.
Then the nanocrystals were re-suspended in 0.5 mL of ethanol, 1 mL of
0.2 M HCl was added, and the mixture was washed with water at 16,500 rpm
for 20 min. This process is repeated three times. Finally, the nanocrystals
were resuspended in 2 mL of deionized water.

Synthesis of polyvinylpyrrolidone (PVP)-coated NaYF,
nanocrystals

The synthesized ligand-free NaYF, nanocrystals (1 ml) were added to a 2-ml
of 5% (w per v) PVP solution, and the resultant mixture was stirred over-
night. The NaYF,@PVP nanocrystals were then separated via centrifuga-
tion at 16,500 rpm and washed two times with water. Finally, the
nanocrystals were resuspended in 1 mL of deionized water.

General strategy for the synthesis of Nd*-doped YVO, and
Y(OH); nanocrystals

The synthesis procedure for nanocrystals with the varying host was adapted
from Wang et al. with some modification”. The particle synthesis was
inspired by the idea of using adequate ligands to stabilize salt compounds at
the nanoscale. A 2 mL solution of 0.1 M of LnCl; (Ln=Nd**, Y**, Dy*",
Sm**) was mixed with 1 mL of 5% (w per v) polyvinylpyrrolidone (PVP) at
60 °C. Subsequently, 2 mL of 0.095 M of Na;VO, or 0.285 M NaOH was
added into the mixture and stirred for 10 min before being transferred into a
20 mL Teflon-lined autoclave. The resultant mixture was heated at 180 °C
for 2h. The obtained nanocrystals were collected by centrifugation and
purified with DI water before re-suspension in 4 mL of either water or 0.9%
saline solution.

First-principles calculations of phonon density of states
Optimization and electronic structure calculations were performed
using the VASP*™" code with projector-augmented-wave (PAW)
pseudopotentials and Perdew-Burke-Ernzerhof (PBE) exchange and
correlation functionals. The plane-wave energy cutoff was set to 350 eV,
and the k-mesh was chosen as a 4 x4 x4 grid for structural mini-
mization. The energy convergence criterion for electronic iteration in
VASP was set to 10~ eV. Structures were relaxed until the force on each
ion was less than 10°eV A", A 4 x 4 x 4 supercell was used for the
calculations. The phonon dispersion and density of states were calcu-
lated utilizing the finite displacement method implemented in the
Phonopy package®'.

Absorbance measurements of Lanthanide nanocrystals for
photothermal (PT), photoacoustic (PA), and photoluminescence
(PL) studies

Colloidal solutions of the three host lattice nanocrystals showed sig-
nificant baseline elevation due to scattering in standard line-of-sight UV-
VIS absorption measurements. As a result, the height of the absorbance
peak after baseline correction was used to represent the real absorption
ratio. For PL measurements, a cuvette containing 1.5 mL of the colloidal
solution was excited in an Edinburgh FL-1000 fluorescence spectro-
photometer (Edinburgh Instruments) equipped with an 803 nm CW
diodelaser source (MDL-N-808; Changchun New Industries Tech Co Ltd;
FHWM, 4nm). The resulting photoluminescence peak intensities
were then corrected for their relative absorption over the excitation
wavelength range.

In vitro PA studies
PA spectra of the samples were recorded using an MSOT EIP 10 (iThera
Medical), a commercial PA imaging system. The bandwidth of the piezo-
electric ultrasound transducer ranged from 200kHz to around 7 MHz.
Polyethylene tubes holding sample solutions were 4 cm long. The tube wall
was 0.25 mm thick, and the outside diameter was 1.50 mm. For imaging,
30 WL of each sample solution was positioned at the transducer’s focal point
in a water tank. A pulsed laser with a pulse width of 5-10 ns and wavelengths
ranging from 700 nm to 900 nm at 1 nm intervals was used to excite the
sample, with a pulse energy of ~80 m]J per pulse. PA spectra were obtained
after averaging 30 times with a laser pulse rate of 10 Hz. Ultrapure water was
used as the reference for each run to analyze the PA signals on the
same basis.

Contrast images demonstrating wavelength selectivity were obtained
by imaging processing in Image J. PA images of difference were calculated
using the following equation:

I=0 e = D &
wherel) isthe PAimage obtained at the maximum PA wavelength (A,,,,),
and I) ~ is the PA image x nm away from the maximum PA wave-

length (A, ).
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In vivo PAT system

A lab-made optical parametric oscillator (OPO) laser, pumped by an
Nd:YAG laser at a 100 Hz pulse repetition rate, was used to output specific
wavelengths of light for PA excitation. The laser beam was first homo-
genized by an optical diffuser (EDC-5, RPC Photonics) and then illumi-
nated the sample from above. PA signals were detected by a full-ring
piezoelectric ultrasonic transducer array (Imasonic) with a 10-cm diameter,
a 5-MHz central frequency, more than 90% one-way bandwidth, and 512
elements. Each element (20-mm height, 0.61-mm pitch, and 0.1-mm inter-
element spacing) was cylindrically focused to produce an axial focal distance
of 45 mm (acoustic NA, 0.22). The combined foci of all 512 elements formed
an approximately uniform imaging region with a 20-mm diameter and
1-mm thickness. In this region, the in-plane spatial resolution was ~150 um.
A lab-made 512-channel preamplifier (26 dB gain) was directly connected
to the ultrasonic transducer array housing with a minimized connection
cable length to reduce cable noise. The pre-amplified PA signals were
digitized using a 512-channel data acquisition system (four SonixDAQs,
Ultrasonix Medical ULC; 128 channels each; 40-MHz sampling rate; 12-bit
dynamic range) with programmable amplification up to 51 dB. The data
acquisition time for each frame was 50 ps. Each laser pulse yielded a
widefield image, and the frame rate was 10 Hz, currently limited by the laser
repetition rate. The digitized radio frequency data were first stored in the
onboard buffer and then transferred to a computer. Digitized raw data were
fed into a universal back-projection algorithm at half the speed of sound for
image reconstruction® ",

Linear unmixing

We separated the phonon-enhanced signals of lanthanide nanocrystals
from the background by using linear spectral unmixing. The total absorp-
tion coefficient ¢, (A;) is

ta () = &) [i], @)

where ¢; (1;) is the known molar extinction coefficient of absorber j at
wavelength A;, and [j] is the concentration of the respective chromophore.
The amplitude of the reconstructed PA signal is proportional to the
absorption coefficient at that location. Therefore, the relative concentrations

can be computed by finding the least squares solution for each position r for
P, = kMN, 3)

where P, = (Po (r7 /li)), M = (‘sj(/l,-))7 N =([j]), and k is a pro-
portionality constant that depends on the imaging parameters and local
fluence.

For in vitro studies (Fig. 4), we used four wavelengths: 865 nm, 871 nm,
878 nm, and 884 nm to effectively unmix the PA signals of nanocrystals
from blood, including Nd(OH);, NdVO,, NaNdF,, and hemoglobin by
solving Eq. (4).

Po(r, 865nm)
Po(r, 871nm)
Po(r, 878nm)
Po(r, 884nm)

End(or, (865nm)  Exgyo, (865nm)  Engyar, (865nm) &gy, (865nm) [Nd( OHM
_ ena(or, (871nm)  exgyo,(871nm)  engyar,(871nm) &y, (871nm) [Ndvod
End(or, (878nm)  exgyo, (878nm)  engyar, (878nm) &y, (878nm) [NaNdF 4]
ENd(ot), (884nm) ENavo, (884nm) ENNGF, (884nm) &, (884nm) [Hb]
4

Preparation of animals

Adult 2- to 3-month-old female nude mice (Hsd:Athymic Nude-FoxINU,
Harlan; body weight, ~20-30 g) were used for all in vivo experiments. All
experimental procedures were carried out in conformity with laboratory

animal protocols approved by the Institutional Animal Care and Use
Committee of California Institute of Technology (IA20-1737). Throughout
the experiment, mice were anesthetized with 1.5% vaporized isoflurane.
Prior to brain imaging, the hair on the mouse head was removed with
depilatory cream, and the scalp was then cleaned with alcohol swabs. During
in vivo imaging, the mouse was secured to a lab-made imaging platform and
the cortical surface of the brain was aligned flat with the focal plane of the
transducer array. During imaging, 100 uL of Nd(OH); at a concentration of
60 mg mL ™" was injected via the tail vein. Throughout the experiment, the
animal body temperature was regulated at 38 °C.

In vitro toxicity studies of Ln-nanocrystals and their

constituent ions

A typical MTS cell viability assay using U-87MG cells containing both
tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)—5-(3-carbox-
ymethoxyphenyl) —2-(4-sulfophenyl) —2H-tetrazolium, inner salt;
MTS] and an electron coupling reagent (phenazine ethosulfate; PES) was
performed to examine the in vitro cytotoxicity of the as-synthesized
lanthanide nanocrystals. Briefly, U-87MG cells were seeded in a 96-well
plate (5000 cells per well) and incubated overnight in a humidified
atmosphere of 5% CO, before ensuring that the cells adhered to the
wells. After incubation, different concentrations (0.0313, 0.0625, 0.125,
0.250, 0.5, and 1.0 mg ml™) of lanthanide-doped nanocrystals were
added to each well of the 96-well plate, followed by incubation for
another 24 h. After incubation, the medium in each well was removed,
and 100 puL of fresh medium and 20 uL of MTS solution (CellTiter
96°A queouss Promega) were added and incubated for another 3 h. Sub-
sequently, absorbance was monitored using a microplate reader (Var-
ioskan Flash Multimode Reader, Thermo Scientific) at a wavelength of
490 nm. Cytotoxicity was expressed as the percentage of viable cells
compared to untreated control cells.

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

Data availability
The data that supports the findings of this study are available from the
corresponding authors upon reasonable requests.
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