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ABSTRACT: We introduce a hybrid organic—inorganic
system consisting of epitaxial NaYF,:Yb*"/X**@NaYbF,@
NaYF,:Nd** (X = null, Er, Ho, Tm, or Pr) core/shell/shell
(CSS) nanocrystal with organic dye, indocyanine green
(ICG) on the nanocrystal surface. This system is able to
produce a set of narrow band emissions with a large
Stokes-shift (>200 nm) in the second biological window of
optical transparency (NIR-II, 1000—1700 nm), by direc-
tional energy transfer from light-harvesting surface ICG,
via lanthanide ions in the shells, to the emitter X>* in the
core. Surface ICG not only increases the NIR-II emission
intensity of inorganic CSS nanocrystals by ~4-fold but also
provides a broadly excitable spectral range (700—860 nm)
that facilitates their use in bioapplications. We show that
the NIR-II emission from ICG-sensitized Er’**-doped CSS
nanocrystals allows clear observation of a sharp image
through 9 mm thick chicken breast tissue, and emission
signal detection through 22 mm thick tissue yielding a
better imaging profile than from typically used Yb/Tm-
codoped upconverting nanocrystals imaged in the NIR-I
region (700—950 nm). Our result on in vivo imaging
suggests that these ICG-sensitized CSS nanocrystals are
suitable for deep optical imaging in the NIR-II region.

O ptical imaging is an important tool in early detection and
diagnosis of disease, as it enables noninvasive real-time
feedback using nonharmful nonionizing radiation, provides high
spatial resolution, and examines structures across a wide range of
size and type.'~* Despite these merits, this technique suffers from
limited imaging depth (1—2 mm, for fluorophores emitting in the
visible region of 400—700 nm) and autofluorescence back-
ground,” restricting the ability to unravel biological complexities
in deep tissue. Traditional near-infrared light (NIR-I, 700—950
nm), deemed the first biological window, penetrates deeper than
visible range light, due to reduced light absorption and
scattering.” Yet, in practice, this NIR-I window is not optimal
because tissue autofluorescence still produces substantial
background noise, and the existence of photon scattering limits
the tissue penetration depth.® Photon scattering scales as A7,
where / is the wavelength and @ = 0.2—4 for biological tissues.”
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Recent experimental and simulation results show that optical
imaging in the longer wavelength NIR-II region (1000—1700
nm), also referred to as the second biological window,*’
significantly improves the signal-to-noise ratio, probes tissue at
centimeter range of depth, and achieves micrometer-scale
resolution at depths of millimeters, which is not possible with
fluorescence imaging in the NIR-I window.®™'° However, limited
success has been made in the development of photoluminescent
contrast agent in the NIR-II region. To date, only a few reports
exist on the use of carbon nanotubes,”''™"* Ag,S quantum
dots,"*"* and small organic molecules (CH1055)," but these
materials are limited in terms of their broad-band emission, lack
of tunable emission, short-lifetime, and low emission quantum
yields.

Lanthanide-doped nanoparticles exhibit low toxicity, narrow
band emission, long emission lifetime, nonphotobleaching and
nonblinking, making them promising for biological imaging.'
However, most existing reports are only exploiting upconversion
(anti-Stokes emission) of light, typically at ~980 nm, into shorter
NIR-1 (~800 nm) or visible region (anti-Stokes emission) for in
vitro and in vivo bioimaging.'”'*'” NIR-II photoluminescence
bioimaging from lanthanide-doped nanoparticles was reported
utilizing Yb* ion as the sensitizer.'"* >° However, the excitation
is limited to ~980 nm that induces deleterious heating effects due
to the strong absorption by water molecules, causing serious
damage to cells and biological tissues.”' Our group as well as
others have recently shown that the Nd** ion is not only able to
emit NIR-II emission (~1050 and ~1300 nm)>* but also
efficiently sensitize Yb** ions when excited at a biocompatible
wavelength of ~800 nm where absorption by water is
minimal.*>~*° However, multicolor NIR-II emission from
lanthanide ions with ~800 nm excitation and beyond remains
elusive. Moreover, lanthanide-doped nanoparticles typically
possess narrow (~10 nm) and weak absorption (cross section
of 1072° cm™2, 1000-fold lower than an organic dye) due to the
nature of 4f—4f transition of lanthanide ion, limiting their
brightness and excitation spectral range.”®

Here, we report a hybrid organic—inorganic system consisting
of an epitaxial NaYF,:Yb*'/X**@NaYbF,@NaYF,;:Nd*" (X =
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null, Er, Ho, Tm, or Pr) core/shell/shell (CSS) nanocrystal with
organic NIR dyes (indocyanine green, ICG) attached to the CSS
nanocrystal surface. This hybrid system is able to produce
efficient multicolor narrow-band NIR-II emissions with ex-
citation across a broad spectral range (Figure 1b), allowing
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Figure 1. Schematic illustrations of (a) energy transfer pathway from
ICG on the surface of NaYF,:Yb**/X>*@NaYbF,@NaYF,:Nd**
nanocrystal, to the Nd** ions in the outer shell, then to the Yb®* in
the inner shell, and finally to the Yb**/X*" (X = null, Er, Ho, Tm, or Pr)
in the core, producing large Stokes-shifted NIR-II emissions; (b) the
functional roles of ICG (providing excitation between 700 and 860 nm,
absorption spectrum for 40 ug/mL in DMF), the core/shell/shell
structure (spatial isolation of the core from surrounding quenching
center, and directing energy transfer to the core), and the activator of
varying type (entailing defined narrow band emission in the NIR-II
range).

imaging through thick biological tissues. The structure of ICG-
sensitized CSS nanocrystal is depicted in Figure 1a, whereby ICG
(absorption cross section of 10" cm™2) can harvest NIR light in
a broad range, entailing a wide excitation spectral range (700—
860 nm).”” The harvested energy is then nonradiatively
transferred to the Nd>* ions in the outer shell layer, then to
the Yb>* ions in the inner shell layer, and finally to the Yb**/X*"
ion pair (X = null, Er, Ho, Tm, or Pr) in the inorganic core to
entail a plethora of emitter-defined narrow emissions in the NIR-
II range (Figure 1a). The CSS structure employed here not only
suppresses surface-related quenching of the core nanocrystal by
spatial isolation from the environment but also elicits directional
energy flow all the way to the core nanocrystal to emit large
Stoke-shifted NIR-II emission.

Hexagonal NaYF, with low phonon energy is chosen as the
inorganic host material to build the CSS structure because it is
known to be one of the most efficient materials for lanthanide
emission." CSS nanocrystals of NaYF,:30%Yb>*/2%X>*@
NaYbF,@NaYF,:30%Nd*>* (X = null, Er, Ho, Tm, or Pr) were
synthe51zed following an adapted procedure from the
literature.”® Transmission electron microscopy (TEM) results
(Figure 2a) show that the NaYF,:Yb’*/X** core, the
NaYF,:Yb**/X3>*@NaYbF, core/shell, and the NaYF,:Yb**/
X** @NaYbF,@NaYF,:Nd*" CSS nanocrystals are spherical and
uniform, with a mean size of 32, 43, and 52 nm, respectively
(Figure S1). This suggests that each shell layer has a thickness of
~5 nm for the CSS nanocrystals. X-ray diffraction (XRD) results
indicate that the core, the core/shell, and the CSS nanocrystals
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Figure 2. (a) TEM images of NaYF,:Yb**/Er** core, NaYF,:Yb,Er@
NaYbF, core/shell, NaYF,:Yb*/Er** @NaYbF,@NaYF,:Nd** core/
shell/shell nanocrystals (from left to right). (b) Normalized multiband
NIR-II emission peaks from nanocrystals of NaYF,:Yb*'/X**@
NaYbF,@NaYF,:Nd* (X = null, Er, Ho, Tm, or Pr) dispersed in
hexane (1 wt %). The emission peak at 1060 nm from hexane-dispersed
NaYF,:Nd* nanocrystals is added as a separate NIR-II emission band.
Excitation at 800 nm with a power density of 4 W/cm?.

are of hexagonal crystallographic phase with good crystallinity
(Figure S3). When excited at ~800 nm, the CSS nanocrystals of
NaYF,:30%Yb** 2%X>* @NaYbF,@NaYF,:30%Nd** (X = null,
Er, Ho, Tm, or Pr) are able to emit multiple narrow band
emissions with a large Stokes shift (>200 nm) at 1000 nm for
Yb** (X = null), 1165 nm (X = Ho), 1310 nm (X = Pr), 1460 nm
(X = Tm), and 1530 nm (X = Er) (Figure 2b and Figure S4),
respectively.”” The emission at 1060 nm of Nd** from
NaYF,:Nd** nanocrystals is included in Figure 2b as a reference.
These narrow emission peaks cover the whole spectral range
between 1000 and 1600 nm, implying their suitability for
multiplexed bioimaging in the NIR-II region. Note that the
existence of the NaYbF, layer in the CSS structure is important to
maximize emission from the emitter X, as this layer can suppress
detrimental cross-relaxation processes between X and Nd** by
spatial isolation, and enhance energy transfer from the outer shell
to the core by introducing Yb-mediated energy migration (Figure
SS).

We then investigated the sensitization effect of ICG on the
CSS nanocrystal to impart a broad excitation spectral range and
enhance the brightness, aiming to facilitate the use of these
nanoparticles in optical imaging. We selected ICG because of its
high NIR luminescence efficiency and the strong overlapping of
its emission spectrum with the absorption spectrum of Nd ions.
The long-chain ligand of oleic acid (OA) used during synthesis of
CSS nanocrystals was first replaced by a short ionic ligand of
nitrosonium tetrafluoroborate (NOBF,) (no luminescence
quenching was observed, Figure $6), followed by mixing with
ICG to enable attachment to the nanocrystal surface through the
tetrafluoroborate group (Figure $7).”° The introduction of ICG
into the CSS nanocrystal dispersion is able to enhance the
emission intensities of CSS nanocrystals, independent of the
doped emitter (X) type. The dependency of the integrated
emission intensity from CSS nanocrystals doped with emitter of
Er** (1530 nm), Ho*" (1165 nm), and Tm*" (1460 nm) on ICG
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concentration are shown in Figure 3a. The optimized ICG
concentration was revealed to be ~40—45 pg/mL, which
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Figure 3. (a) Dependence of the integrated emission intensities from
the *I,; , level of Er** (1530 nm), from the I level of Ho*>" (1165 nm),
and from the *H, level of Tm* (1460 nm) of ICG-sensitized CSS
nanocrystals versus the ICG concentration. (b) Histogram shows the
comparison of integrated emission intensities from Er**-, Ho*-, or
Tm*"-doped CSS nanoparticles with and without (NOBF,-capped)
ICG sensitization (the intensities without dye sensitization were
normalized for clarification). (c) Photoluminescent excitation spectra
(for the integrated emission intensity from the *I 5, state of Er’*) for
Er**-doped CSS nanocrystals with and without (NOBF,-capped) ICG
sensitization.

resulted in 3.9-, 3.7-, and 4.2-fold enhancement for the
NaYF,:30%Yb**/2%X** @NaYbF,@NaYF,:30%Nd** CSS
nanocrystals doped with X = Er**, Ho®*, and Tm?*, respectively
(Figures 3b and S9). The efficiency of energy transfer from ICG
to the nanoparticle was determined to be ~75% (Figure S11);
while the luminescence quantum yield of ICG sensitized Er**-
doped CSS nanoparticles was measured to be ~13% (Figure
S10). The dependence of emission intensity on ICG
concentration is possibly a result of the competition between
the ICG dye antenna effect (enhancing light harvesting, Figure
S$8) and the dye—dye quenching interaction (deactivation of
harvested energy) on the surface of the CSS nanocrystals. The 4-
fold excitation intensity difference at 800 nm (Figure 3c) is in
good agreement with 4-fold emission enhancement induced by
ICG sensitization in Figure 3b. Moreover, the broad-band
excitation peak from ICG-attached CSS nanocrystals is in
marked contrast to the sharp and narrow band peak from pure
CSS nanocrystal, providing a direct evidence of ICG
sensitization. The significantly widened excitation spectrum
permits these ICG-sensitized CSS to be excited within a broad
spectral range from 700 to 870 nm, facilitating their applications
with multiple different light sources.

The enhancement of emission intensity caused by the ICG
sensitization effect can also be clearly seen by comparing the
NIR-II photoluminescent image of ICG-sensitized CSS nano-
crystals versus pure CSS nanocrystals (dispersed in DMF) using
a NIR-sensitive InGaAs camera (New Imaging Technologies)
(Figure 4a). To test whether ICG-sensitized CSS nanocrystals
are suitable for deep tissue optical bioimaging, we imaged the
NIR-1I luminescence of polymer pattern (the letter “A”, 3 X 3
cm) incorporating ICG-sensitized NaYF,:30%Yb**/2%Er*" @
NaYbF,@NaYF,:30% Nd*" nanocrystals through tissue (chick-
en breast) of known thickness (Figure S12). The polymer
pattern was made by mixing the ICG-sensitized CSS nanocrystals
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Figure 4. (a) NIR-II photoluminescent imaging of Er**-doped CSS
(NaYF,:30%Yb**,2%Er@NaYbF ,@NaYF,:30%Nd) nanocrystals with
and without ICG sensitization (excited at 800 nm). (b) NIR-II
photoluminescent image of the polymer pattern containing ICG-
sensitized Er**-doped CSS nanocrystals through chicken breast tissue of
varied thickness (excited at 800 nm). (c) NIR-II photoluminescent
bioimaging of a mouse with subcutaneous injection (excited at 800 nm).
(d) Detected intensity of NIR-II emission from ICG-sensitized Er**-
doped CSS nanocrystals (excited at 800 nm), green upconversion
emission (at ~540 nm) from the same nanocrystal (excited at 800 nm),
as well as NIR-I upconversion emission (800 nm) from NaYF,:30%
Yb*/0.5% Tm** @NaYF, core/shell nanocrystals (excited at 980 nm),
versus the imaging depth. The excitation density at both 800 and 980 nm
is ~0.2 W/cm?.

with polystyrene beads in chloroform to yield a transparent and
uniform gel, followed by casting through a homemade mold with
natural evaporation of the solvent. The green upconversion
emission of Er’* (~540 nm) from the same pattern was utilized
as a control study (taken by a visible-sensitive camera), which
previously was employed for upconversion bioimaging (Figure
4b).>! The sharp image of the polymer pattern can be visualized
by NIR-II emission with a tissue depth of up to 9 mm, and the
emission signal can be detected even with a depth of up to 23
mm. However, both the letter image and the emission signal are
hard to be detected when using green upconversion through a
tissue thickness of merely 3 mm under the same excitation at 800
nm (Figure 4b,d). This result clearly implies the appropriateness
of NIR-II emission from ICG-sensitized CSS nanocrystals for
deep tissue optical imaging. Moreover, it has been established
that Yb**/Tm?*"-codoped upconversion nanocrystals are good
for deep optical bioimaging, as both the excitation of ~980 nm
and the upconverted emission at ~800 nm fall within the first
biological window (NIR-I region).” Next, we utilized the
upconversion emission from typically used NaYF,:30%Yb**/
0.5%Tm>** @NaYF, core/shell nanocrystals as a positive control
to probe the deep tissue imaging ability of NIR-II emission from
ICG-sensitized Er doped CSS nanocrystals (Figure 4d). It was
found that the NIR-II emission is better than upconverted
emission at 800 nm for deep tissue optical imaging, by showing
improved signal at all defined tissue depths, possibly owing to
reduced photon scattering in the NIR-II window than in the
NIR-I window. This conclusion was supported by the
observation of a blurred upconversion image (NIR-I range) of
the “A” pattern through a S mm thick tissue (Figure S13),
compared to the sharp letter NIR-II image through a 9 mm thick
tissue (Figure 4b). Moreover, the ability to resolve two NIR-II
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line images with a threshold distance of 3 mm and two dot images
with a distance of 4 mm through a 4 mm thick tissue suggests a
lateral resolution ~3—4 mm at this imaging depth in biological
tissues (Figure S14; organic phase particles were utilized). To
demonstrate further the suitability of ICG-sensitized CSS
nanocrystals for bioimaging, we employed an amphiphilic
polymer DSPE-mPEG-2000 (1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-methoxy (polyethylene glycol)-2000) to
encapsulate the ICG-sensitized Er doped CSS nanocrystals,
thereby transferring them into the aqueous phase. Our
hydrodynamic size measurement (over a period of 7 days),
luminescence measurement (over 6 h), as well as HeLa cell
viability test (dose of 0—1 mg/mL, 24 and 48 h) suggest that
these aqueous forms are stable in vivo (but with a decreased
luminescence intensity) and they exhibit negligible cytotoxicity
(Figures S15—17). After subcutaneous injection of these
aqueous suspended nanoparticles (0.2 mL of 2 mg/mL) into a
mouse with a depth of ~3 mm, a clear NIR-II image of the
injection point was obtained (Figure 4c).

In conclusion, we have described a hybrid organic—inorganic
system consisting of epitaxial NaYF,Yb*'/X**@NaYbF,@
NaYF,:Nd* (X = null, Er, Ho, Tm, or Pr) CSS nanocrystals
with ICG attached to the surface. The designated cascade energy
transfer pathway: ICG — Nd** (outer shell) — Yb** (inner shell)
—Yb*/X*" (core) is able to yield a set of multiple narrow band
emissions in the NIR-II range with a large Stokes-shift (>200
nm). The attachment of ICG not only enhances the brightness of
these CSS nanocrystals by ~4-fold but also provides a broad
excitation band of 700—860 nm. Moreover, NIR-II emissions
from these ICG-sensitized CSS nanocrystals enable a clear
observation of sharp image through chicken breast tissue with a
depth of 9 mm, and signal detection at a depth of 23 mm. The
achieved image is more contrast than that from Yb/Tm-codoped
upconverting nanocrystals (excited at 980 nm, emission at 800
nm, in the NIR-I window), which are well-established for deep
optical bioimaging. Subcutaneous injection of aqueous suspen-
sion of phospholipid-encapsulated ICG-sensitized CSS nano-
crystals into a mouse additionally demonstrated their potential
use for NIR-II bioimaging.
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