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hotoluminescence imaging using
Pnanoparticles is a powerful tool for

biological studies and clinical medical
applications due to its high resolution and
sensitivity. > On the basis of downconvert-
ing photoluminescence, these traditional
fluophors normally emit a lower energy
photon when excited by a higher energy
photon.® Using high-energy excitation
photons always has serious drawbacks: sig-
nificant autofluorescence from biological
samples resulting in low signal-to-back-
ground ratio and considerable absorption
and scattering effects for visible light, indu-
cing short penetration depth in biological
tissues. The near-infrared (NIR) light allows
deeper penetration depth for in vivo bioi-
maging and can efficiently suppress auto-
fluorescence and light scattering.”® Nano-
particles doped with NIR light absorbing
organic fluophors can be excited in the
NIR range using single-photon excitation
with NIR emission.”'® Unfortunately those
organic dyes often suffer from intrinsic pho-
tobleaching deficiency and low emission
efficiency.”’ " NIR quantum dots (QDs)
have recently been synthesized and used
in many studies and are more stable against
photobleaching than organic fluophors.'*'?
However, due to the fact that typical QDs
are composed of heavy metals (e.g., CdSe)
and can easily penetrate into cells, there is a
wide and persistent concern about the toxi-
city of QDs, even though much work is
underway to synthesize less harmful QDs
or enhance their biocompatibility.'®'”
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ABSTRACT Successful further development of superhigh-constrast upconversion (UC) bioima-
ging requires addressing the existing paradox: 980 nm laser light is used to excite upconversion
nanoparticles (UCNPs), while 980 nm light has strong optical absorption of water and biological
specimens. The overheating caused by 980 nm excitation laser light in UC bioimaging is
computationally and experimentally investigated for the first time. A new promising excitation
approach for better near-infrared to near-infrared (NIR-to-NIR) UC photoluminescence in vitro or
in vivo imaging is proposed employing a cost-effective 915 nm laser. This novel laser excitation
method provides drastically less heating of the biological specimen and larger imaging depth in the
animals or tissues due to quite low water absorption. Experimentally obtained thermal-graphic
maps of the mouse in response to the laser heating are investigated to demonstrate the less heating
advantage of the 915 nm laser. Our tissue phantom experiments and simulations verified that the
915 nm laser is superior to the 980 nm laser for deep tissue imaging. A novel and facile strategy for
surface functionalization is utilized to render UCNPs hydrophilic, stable, and cell targeting. These as-
prepared UCNPs were characterized by TEM, emission spectroscopy, XRD, FTIR, and zeta potential.
Specifically targeting UCNPs excited with a 915 nm laser have shown very high contrast UC
bioimaging. Highly stable DSPE-mPEG-5000-encapsulated UCNPs were injected into mice to perform
in vivo imaging. Imaging and spectroscopy analysis of UC photoluminescence demonstrated that a
915 nm laser can serve as a new promising excitation light for UC animal imaging.

KEYWORDS: upconversion nanoparticles - bioimaging - deep imaging - overheating
free - near-infrared

Superior to organic dyes and QDs, upcon-
version nanophosphors (UCNPs) can emit
anti-Stokes-shifted light after being excited
by NIR (900—1000 nm) continuous-wave
(CW) laser light. UCNP is a kind of nanocrys-
tal co-doped with several trivalent rare earth
ions. As the most efficient host material,
NaYF4 nanoparticles are typically co-doped
with Yb>" (as sensitizer) and another ion
(eg, Tm>*,Er*",Ho>™), which acts as activator.
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Mainly through the energy transfer upconversion (ETU)
process Yb*" can sequentially absorb two or more
photons to efficiently populate the metastable level of
activator ion emitting anti-Stokes-shifted lights.'® This
technique offers extremely low autofluorescence back-
ground, large anti-Stokes shifts, sharp emission band-
widths, high resistance to photobleaching, non-
blinking emission, deep detection ability, and a high
spatiotemporal resolution.'® Recently UCNPs have
been attracting remarkable attention in the context

of biophotonics areas such as in vitro cancer cell
19-21 22,23

imaging, in vivo tumor targeting imaging,
multimodal animal imaging,®*%®  high-sensitive
biosensing,?”*® photodynamic therapy,?>*° and fluo-

rescence diffusing optical tomography.3'*2 UCNPs can
emit multicolor light ranging from blue to NIR band by
only using a single cost-effective NIR CW laser as
excitation. It is quite facile to set up upconversion
photoluminescence microscopy by slightly modifying
a traditional fluorescence microscope.

To date, NIR laser at a wavelength of about 980 nm is
always used to excite UCNPs for upconversion emis-
sion in bioimaging due to the fact that the sensitizer
ion Yb*" has a high absorption cross-section in its
absorption band. However, it is worth pointing out that
light around 980 nm suffers from an intrinsic disadvan-
tage: water, as the most significant component of the
animal and human body, has a huge absorption peak
around 980 nm.>* Actually, due to this strong water
absorption, 980 nm has long been used as a heating
optical source in laser thermal therapy before the
advent of UCNPs in bioapplications.>* In the tissue
welding fields, the 980 nm laser has also been utilized
as a highly effective irradiation light for skin welding.>
Furthermore, many laser-induced clinical lipolyses
have been successfully completed via a 980 nm laser
effectively heating fat tissue.>® Therefore, there are two
main disadvantages of the 980 nm laser in bioimaging:
first, the energy of excitation light would be over-
whelmingly attenuated while diffusing in the biologi-
cal samples. This limited penetration depth will
seriously affect the bioimaging efficiency and applica-
tion extension. Furthermore, almost all the light energy
absorbed by biological samples would transform into
local heating energy, which could probably induce a
considerable elevation of temperature. Indeed, in the
context of bioimaging overheating is an undesired
side-effect that can affect cell viability and induce
tissue damage. This problem is relatively prominent
when using 980 nm laser light as an excitation source
in many cases and should be avoided when develop-
ing these types of autofluorescence-free UC imaging
techniques. However, almost all efforts in this devel-
opment have so far been focused on UCNP synthesis,
surface functionalization, and cancer cell or tumor
targeting. To the best of our knowledge, there is no
reported work with the aim of investigating the tissue
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overheating effect and penetration depth of 980 nm
excitation light while conducting bioimaging. Further
optimization in the excitation mode is really needed.
Successful translations of the use of autofluorescence-
free UC bioimaging from laboratories to clinics require
further studies involving the exploitation of larger
detection depth and the prevention of overheating
irradiation for in vivo biomedical applications.

In this paper, for the first time we investigate the
overheating effect induced by a 980 nm laser in UCNP-
based bioimaging with computational and experimen-
tal results. We propose replacing 980 nm laser excita-
tion with 915 nm laser excitation to overcome the most
of the overheating issues and to gain improved deep
tissue imaging ability. Emission-enhanced monodis-
perse NaYbF,: Yo>/Er* T, Yb*T/Ho®", and Yb*/Tm> "
nanoparticles were prepared according to a modified
co-thermolysis method. Then these prepared oleic acid
(OA)-capped nanoparticles were further surface func-
tionalized to become hydrophilic, biocompatible,
stable, and biotargeting. Before in vitro cell imaging,
UCNP samples were incubated with the Hela cancer
cell line after conjugated with specific antibody. For
in vivo mouse imaging these UCNPs were encapsu-
lated with DSPE-mPEG-5000 molecules to render them
hydrophilic, stable, and biocompatible in the mouse
body. After detailed and reasonable comparison with
980 nm laser light it can be concluded that a larger
imaging depth range and biocompatible irradiation
were realized in UC bioimaging using a new efficient
915 nm laser excitation method.

RESULTS AND DISCUSSIONS

Optical Absorption Spectra of Water and UCNPs. It is very
interesting to find that water, which is completely
transparent to the naked eye, has a strong optical
absorption in the NIR range (from 930 to 1030 nm),
as partly shown in Figure 1a. This plotted curve was
duplicated from the original work by Kou et al.3* In this
optical wavelength range water has a high absorption
peak around the wavelength of about 980 nm (exactly
974 nm). The optical absorption coefficient of pure
water at 980 nm is about 0.485 cm ', indicating that up
to 61% of 980 nm light energy will be absorbed by
water after propagating a distance of one centimeter in
water according to the Beer—Lambert law. When a
beam of light is incident into water from air, most of the
light will penetrate into the water and the light in-
tensity will be gradually attenuated due to absorption.
Almost all the absorbed energy from the shining light
will transform into heat energy, which will heat the
water and induce significant local elevation of tem-
perature. With such a large absorption coefficient,
980 nm laser light could serve as a heating source for
heating water. Adding the fact that water is the most
significant component of the animal and human body
(60—70%), light around 980 nm is also capable of easily
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Figure 1. (a) Optical absorption spectrum of water in the NIR range (acquired from ref 33). (b) Absorption spectrum of UCNP

colloid suspension.
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Figure 2. Experimental temperature (°C) distributions after different irradiation times for (a) 915 nm laser irradiated mouse
skin and (b) 980 nm laser irradiated mouse skin and (c) the corresponding temperature line profiles (curve A and B in (c)

corresponding to line A in (a) and line B in (b), respectively).

heating biological tissue specimens. Nevertheless,
980 nm laser light has been commonly used to excite
UCNPs emitting UC photoluminescence in the UC
bioimaging modality. In principle, UCNPs can be ex-
cited by light from 900 to 1000 nm due to the electron
transition absorption between F,,, and *Fs,, of Yb*"
ions. Excitation with 980 nm laser light may thus not be
optimal for their use in bioimaging or biosensing due
to potential damage. We used the prepared clear and
stable UCNP colloidal suspension (250 mg/mL) to
measure the absorption spectrum, and the measured
results shown in Figure 1b are similar to the reported
results.?” It can be seen that there is a strong and steep
absorption band located in the range 900—1000 nm.
Although the maximum absorption occurs around the
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point of 974 nm, it may still be favorable to utilize light
of other wavelengths to excite UCNPs. It is also striking
that there is another absorption peak at around
920 nm, where the optical absorption coefficient of
water is much lower. For the first time, we propose
commercially available 915 nm semiconductor lasers
as a new excitation source for UC photoluminescence.
The absorption coefficient of water at 915 nm is as low
as 0.076 cm ', less than one-sixth of the value at
980 nm.

Overheating Effect When a 980 nm Laser Is Used. To
experimentally investigate and compare the heating
effects of a 980 nm laser and a 915 nm laser, two nude
mice were exposed to irradiation of the two lasers, and
the spatiotemporal temperature distributions were
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Scheme 1. Schematics of cell-in-celldish (left) and tissue (right) configurations for simulating laser-induced spatiotemporal

temperature and photon fluence rate distributions.

monitored. During the UC animal imaging the excita-
tion light has to penetrate through tissues to irritate
the UCNPs deeply distributed in the tissue or tumor. To
avoid overheating of the tissue, it is important to study
the temperature increase induced by the laser irradia-
tion while imaging. In our experiments an anesthetized
nude mouse was put on the table with its back exposed
to a circular laser beam at a certain incident angle. The
laser beams were collimated and expanded to a circu-
lar Gaussian beam with a diameter of about 25 mm,
and the output power density was tuned to work at the
level of 0.5 W/cm? (under a stable room temperature of
18 °Q). A professional infrared thermal imaging camera
was put in front of the mouse to record and analyze the
spatiotemporal temperature of the mouse surface.
Some temperature images and line profiles are shown
in Figure 2. Compared to the pictures in Figure 2a, each
picture of Figure 2b has a much higher temperature
distribution. Only after one-minute exposure to the
980 nm laser, the temperature in the irradiated area
had increased to 33 °C (from an initial temperature of
21 °C). However, in the case of the 915 nm laser this
value was as low as 25.8 °C after the same time
duration of irradiation. As the irradiation time in-
creases, the difference in temperature rises became
larger. After two and three minutes, the 980 nm laser
heated the mouse to 41 and 45 °C, respectively,
whereas it was only 31.4 and 32.3 °C for the 915 nm
exposure. When the process reached its steady state,
the 980 nm beam heated the mouse skin to a tem-
perature as high as 49.2 °C. Larger power density
would be required for realizing deep in vivo imaging.
In these cases a 980 nm laser may induce higher tem-
perature elevation. After this experiment the 980 nm
laser irradiated area of mouse skin was seriously da-
maged, and an evident scar appeared (picture not
shown). [Note that high temperatures (above 50 °C)
are used for ablation (direct destruction) of some
tumors or other tissues clinically.] This did not happen
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to the other mouse exposed to the 915 nm laser. From
the above comprehensive comparisons, we can easily
conclude that a remarkable overheating effect could
be induced in a mouse in vivo imaging by 980 nm laser
irradiation. An alternative 915 nm laser can effectively
overcome this serious problem.

Comparison of 915 nm Laser and 980 nm Laser Induced
Temperature Elevations in Cell Imaging. A 980 nm laser
could easily heat the PBS solution, which may produce
cell damage and even cell death in cell imaging.34°
To rigorously demonstrate that 915 nm laser light can
avoid an overheating effect during in vitro cellimaging,
we designed a cell-in-celldish model with systematical
and reasonable parameter settings (e.g., excitation
power: 300 mW) consistent with practical imaging
conditions, as shown in Scheme 1. In the microscopy
the excitation light has to go through a layer of liquid
(e.g., cell growth solution or PBS solution). In this case
the energy lost from both the exciting and emitting
lights while penetrating the PBS buffer solution should
be taken into consideration since the exciting light or
emitting light would likely be absorbed by this liquid
layer. In the UC bioimaging, the exciting light (980 nm)
is absorbed significantly by water. Herein, we compu-
tationally investigated the lost laser energy and the
laser-induced temperature elevation outcome. The
cells are adhered to the bottom of a 35 mm celldish
filled with 2 mL of PBS (live cell environments: 5% CO,,
37 °Q). It was found that the accumulated temperature
elevation depends on the laser irradiation time. [Even
though the focal/scanning dot is moving during the
confocal imaging, and the scanning area is quite small
compared to the whole cell dish. The accumulated
thermal effect is nearly the same as the case of irradia-
tion at one fixed dot. We assume the laser incident
point is fixed in the simulation.] After 30 s of irradiation,
the temperature rises induced by these two lasers were
not significant, as shown in Figure 3a,b. In spite of a
temperature difference of about 0.7 °C, the whole
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Figure 3. Simulated results of cell-in-celldish imaging model:

excitation laser induced temperature (°C) distributions after

(a, b) 30 s and (c, d) 5 min of irradiation with (a, ¢) a 915 nm laser and (b, d) a 980 nm laser; (e) percentages of the lost laser
energy while penetrating through the PBS solution; (f) time-resolved temperature at the point (0, 0, 0.5 mm) where the

adhered cells are located during 20 min irradiation.

temperature was below 38 °C. It is indicated that in
some simple and quick imaging processes (e.g., 2-D
intensity imaging) the laser heating effect could be
negligible. Other than the simplest 2-D imaging, some
3-D imaging and 4-D imaging are also commonly used
and needed in many studies. In these cases, the
continuum irradiation time should be much longer.
Several minutes of irradiation (e.g., 5 min or longer) is
quite possible in the applications of multidimensional
scanning and real-time monitoring (continuum ima-
ging of, for example, cell division, cell fusion, cell death,
and nanoparticle behavior inside cells). Parts (c) and (d)
of Figure 3, respectively, showed 915 and 980 nm
exciting light induced temperature distributions after
5 min of irradiation. These two vertical cross-section
maps clearly describe the spatial temperature distribu-
tions and their significant difference in temperature
elevation. The highest temperature area occurred near
the center of the bottom (where the adhered cells are
located), and the decreasing trend was observed from
inside to outside due to heat transfer process. The
picture in Figure 3c indicates that the 915 nm laser
heated the solution from 37 °C (initial temperature) to
38.1 °C with only a rise of 1.1 °C. However, as depicted
in Figure 3d 980 nm light rendered the temperature in
most areas on the order of about 44 °C, which is higher
than the hyperthermia treatment temperature for cell
apoptosis.>®3? In this case the 980 nm laser may lead to
characteristic cell changes (morphology) and death.
[These changes may include bleb, loss of cell mem-
brane asymmetry and attachment, cell shrinkage, nu-
clear fragmentation, chromatin condensation, and
chromosomal DNA fragmentation.] Fortunately, most
of the damage to the cells could be avoided by using
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915 nm instead of 980 nm light because the tempera-
ture was kept at a low (38.1 °C) and apoptosis-free
level, as shown in Figure 3c. The red and blue lines
plotted in Figure 2f show the time-resolved tempera-
ture profiles at the point 0.5 mm above the center of
the bottom with 20 min laser irradiation. After 3—4 min
excitation the temperature rapidly reached the apop-
tosis level (42 °C), and longer irradiation could induce a
high temperature of about 46 °C. This significant
difference between the two curves could easily be
attributed to the fact that much more energy from
the 980 nm light goes to water heating. As seen in
Figure 2e about 18% of the 980 nm laser energy was
absorbed by the 4 mm PBS solution layer, while
only 3% of the 915 nm energy was absorbed. The data
not only confirmed the overheating effect of
980 nm laser but also demonstrated the nonoverheat-
ing effect of the 915 nm laser and its potential for
in vitro UC bioimaging applications of microscopy
systems.

Comparison of 915 nm Laser and 980 nm Laser Induced
Temperature Elevations in Tissue Imaging. Though many
efforts have been made to extend UCNP applications
into in vivo imaging and phantom diffusing optical
imaging very recently,*' ~** the imaging depth was still
very low (all below 1 cm, e.g., intravenous injection,
under-skin tumor/tissue in little nude mouse and not
deep inclusion in phantom). Furthermore, very few
theoretical and experimental studies were done to
investigate the temperature outcome induced by
980 nm laser light in the imaging process. With the
purpose of clinical applications, larger imaging depth
and nonoverheating irradiation should be realized. The
use of the 915 nm laser can help to overcome the
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Figure 4. Simulated distributions of temperature and photon fluence rate (u) in the phantom: the logarithm of square

excitation photon fluence rate (Iog(uz)) of (a) a 915 nm laser and (b) a 980 nm laser; (c) Iog(uz) as a function of the imaging
depth while the laser transmits light into the phantom; cross-sectional distribution of the laser-induced temperature (°C) after
3 min irradiation of (d) a 915 nm laser and (e) a 980 nm laser; (f) time-resolved temperature at point (0, 0, 2 mm) during 20 min

of irradiation.

problem induced by the strong 980 nm light absorp-
tion of tissue. To elucidate the advantages of 915 nm
laser light in UC imaging, a theoretical model was
designed to computationally investigate the tempera-
ture outcome and imaging depth in tissue imaging. As
shown in Scheme 1, a cylindrical phantom (height
3 cm; radius 2.5 cm) was modeled to simulate a human
tissue with typical tissue optical and heat transfer
parameters settings.*>*® [Similar to many other re-
ported works within the field of biomedical optics,>**’
a tissue phantom with uniform optical properties and
thermal properties was also used in our model.] One
circular laser beam with a diameter of 50 mm and a
typical power density of 0.5 W/cm? was set to vertically
incident from the center of the top phantom surface.
Even though imaging could be realized with low power
density and shortirradiation time if one uses an EMCCD
(extremely expensive and highly sensitive, designed
to detect single photons),'®**** this power density
(0.5 W/cm? or a bit higher) is quite desirable in the case
of deep tissue imaging or when only a cost-effective
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common CCD is available (like in the present work). The
diffusion equation was used to model the propagation
of the excitation light photon in the turbid phantom.*®
The photon fluence rate (u) refers to the total number
of photons incident from all directions on a small
sphere divided by the cross-sectional area of the
sphere and per time interval (Sl unit: m~2 s~"). Then
the absorbed photon energy was transformed into
heat energy, which was modeled using the classical
heat transfer equation. Due to the much larger absorp-
tion coefficient, 980 nm light could be rapidly absorbed
by tissue phantom, while the 915 nm laser light could
penetrate through a deeper distance, as shown in
Figure 4a—c. Compared to Figure 4a, the square of
the photon fluence rate (u?) in Figure 4b has a more
concentrated distribution near the incident area. Low
absorption enables the 915 nm photon to extend to a
more dispersive distribution. The two curves in
Figure 4c indicate that along the incident direction
the 915 nm light has an about 40 times larger u? value
than the 980 nm light after 1 ¢cm transport. As the
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Figure 5. Decreasing intensity (detected on the phantom surface) of UC photoluminescence from NaYbF,: Yb>/Tm3"
inclusion embedded in the phantom with increasing depth (0.25, 0.65, 1, 1.35, 1.65 cm) excited by (a) a 915 nm laser beam and
(b) 2980 nm laser beam; (c) the intensity of the UC signal at fixed excitation illumination as a function of the depth of the UCNP
inclusion and (d) the peak intensity ratios (for both the experimental and simulated data) of UC photoluminescence intensities
(detected on the surface) for each depth for 915 nm excitation and 980 nm excitation.

imaging depth increases, the 980 nm light will vanish
much more rapidly than the 915 nm light, indicating
that 915 nm is more capable for deeper imaging. The
lost energy of the laser light became the thermal
energy and heated the whole phantom with the
temperature profiles shown in Figure 4d—f. The phan-
tom was set to an initial temperature of 36.5 °C (human
body temperature), and after 3 min of 915 nm laser
irradiation, the highest temperature of 40.2 °C was
reached near the incident area (a certain volume around
39 °C). On the contrary, having much more light energy
transferring to heat energy, the 980 nm laser heated the
phantom to a temperature up to 49.6 °C with a big
volume above 45 °C. According to the time-resolved
profiles shown in Figure 4f, the difference in tempera-
ture rises gets larger as the irradiation time increases.
This big difference can easily be attributed to the fact
that a 980 nm laser acts as a more effective optical
heating source.

Comparison of the Deep Tissue Imaging Abilities of 915 nm
Laser and 980 nm Laser. The upconversion photolumines-
cence process is a two-photon nonlinear effect (three-
photon for blue emission). Compared to the linear
emission process of traditional dyes, this nonlinear
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effect of UCNPs gives UC luminescence a quicker
descent trend with increasing imaging depth
(quadratic power dependence).”® Thus, to suppress
this disadvantageous effect, an excitation light with
low tissue absorption is required for realizing deep
imaging. We did some phantom experiments to
further demonstrate the advantage of the 915 nm laser
for deep UC imaging. In our experiments, the ima-
ging setup is similar to our previously reported work.>®
We prepared an optically tissue-equivalent phantom
that consists of intralipid and black India ink with
typical human tissue optical properties. A small glass
tube filled with as-synthesized NaYbF,: Yb**/Tm>*"
nanoparticle chloroform suspension as photolumines-
cence inclusion was embedded in the phantom solu-
tion at five different depths (0.25, 0.65, 1, 1.35, and
1.75 cm). The well-prepared samples were imaged with
a Maestro imaging system (CRI, Inc., Woburn, MA)
equipped with 915 and 980 nm lasers (2 W/cm?). At
each depth the UC photoluminescence image was
captured by CCD, and at the same time the spectral
information was recorded using the tunable liquid
crystal filters. With the increasing depth of UCNP
inclusion, the signal intensity decreased because a
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Figure 6. TEM images of (a) synthesized NaYbF,: Yb3"/Er®*; (b) diameter distribution of UCNPs in (a). (c) Photoluminescence
spectra of NaYbF,: Yb®>/Er®* (red emission), NaYbF,: Yb3'/Ho>" (green emission), and NaYbF,: Yb®>"/Tm>" (blue emission).
The insets show the visible photoluminescence imaging of the UCNP colloidal suspension excited by a 915 nm laser (500 mW/cm?).
(d) Zeta potential measurements of five different MSA-UCNP and PAH-MSA-UCNP samples.

deeper position requires that both the excitation and
emission lights have to experience much more scatter-
ing and absorption. The five curves in Figure 5a,b show
the spectra and normalized intensity of UC photolumi-
nescence excited by 915 and 980 nm lasers, respec-
tively. The peaks at 800 nm wavelength verified that
the photoluminescence was truly emitted from
NaYbF,: Yb*T/Tm3*. After comparison one can easily
see that the five peak intensities in Figure 5b have a
more rapid descent trend than those in Figure 5a,
which is shown in Figure 5c. This could be attributed
to much higher water absorption at 980 nm wave-
length. Due to the nonlinear emission process, UCPN-
based tissue imaging has a more rapid descent trend
than traditional linear dyes as the imaging depth
increases.*® Therefore, the tissue absorption should
be small at the excitation wavelength in order to
overcome this problem. The experimental and simula-
tion UC signal intensity ratio (915 nm excited emission
over 980 nm excited emission) was plotted as a func-
tion of inclusion depth in Figure 5d. Since 980 nm light
has a higher excitation efficiency, the ratio value is low
in the small depth range (about 0.08 at a depth of
0.25 cm). When the depth becomes larger, this ratio
value increases sharply as 980 nm light intensity
decreases significantly. At a depth of 1.75 cm a ratio
value of 1.53 was achieved, which means 915 nm light
excited 50% more intense UC photoluminescence than
980 nm light did. Simulations based on a fluorescence
diffusion imaging model (diffusion equations for both
the excitation light and the emission light) were per-
formed to compare with the experimental results.*' As
shown in Figure 5d, the simulated peak intensity ratio
at each depth and the overall trend agree well with the
experimental data. When we increased the imaging
depth to 1.85 cm, a 980 nm laser could not excite high
enough UC signals for detection on the surface, but a
915 nm laser still could. It is reasonable to assume that
there is a minimal power density for excitation at a
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specific depth so that the UC signal can be detected on
the surface. In practice the required minimal excitation
power density depends on many factors such as the
sensitivity of the photon detector, the amount and
concentration of excited UCPNSs, and the optical prop-
erties of the tissue. Thus the threshold is a comprehen-
sive issue and would strongly depend on the experi-
mental conditions. By combining the experiments and
calculations, we tried to find the photon fluence rate
threshold under our present experimental conditions
(e.g., without expensive EMCCD). For example, accord-
ing to our experimental results, to excite UCNPs at a
depth of 1.85 cm, a 980 nm light excitation would
require a minimal power density of 2 W/cm?, which
would easily induce an apparent overheating
effect. However, with 915 nm light excitation, only
1.5 W/cm? is sufficient to excite UCNPs at this depth.
We have shown both experimentally and computa-
tionally that 915 nm laser excitation is advantageous
for deep tissue imaging compared to 980 nm laser
excitation.

Preparation and Characterization of UCNPs. In our experi-
ments the UCNPs were synthesized according to the
method previously reported, with some modifica-
tions.>>? To obtain the UC photoluminescence inten-
sity enhanced UCNPs, we chose to prepare Yb-
enhanced NaYF, material for UCNPs.?” Three different
rare earth ions, doped with NaYbF,: Yb*T/Er*T, Yb3'/
Ho>", and Yb*"/Tm>", were synthesized separately, to
emit light with different colors (red, green, and blue, res-
pectively, as shown in the inset pictures in Figure 6c).
These as-prepared UCNPs could form a clear, transpar-
ent colloidal suspension in both chloroform and cyclo-
hexane. The size and shape of the UCNPs were charac-
terized by transmission electron microscopy (TEM). The
representative TEM image in Figure 6a shows that these
are well-dispersed NaYbF,: Yo" /Er** with a mean
diameter of about 22 nm and a relatively narrow size
distribution, as shown in Figure 6b, indicating favorable
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Figure 7. In vitro cancer cell imaging using 915 nm laser excited UCNPs: images of HeLa cells separately incubated with (a)
nothing as blank, (b) anti-CEA8-PAH-MSA-NaYbF,: Yb>*/Ho>", (c) anti-CEA8-PAH-MSA-NaYbF,: Yb*>'/Er*", (d) PAH-MSA-
NaYbF: Yb*"/Er**, and (e) anti-CEA8-PAH-MSA-NaYbF,: Yb®> " /Er*" in the presence of a 10-fold excess of unlabeled anti-CEAS.
Bright field images (upper row), photoluminescence images (middle row), and superimposed images (bottom row).

nanoparticle morphology for bioimaging and biosen-
sing (TEM images and size distributions of NaYbF,:
Yb**/Ho®* and Yb**/Tm>** are shown in Figure S1).
Phase compositions of NaYbF,: Yb>/Er** were deter-
mined by X-ray powder diffraction, and the patterns
(Figure S2) indicate the face-centered cubic structure of
the prepared UCNPs. For the purpose of bioapplications,
the as-synthesized OA-capped UCNPs were first ren-
dered aqueous dispersible through 5-mercaptosuccinic
acid (MSA) encapsulation. Then negatively charged
MSA-UCNPs were further polymer-coated through phy-
sical adsorption by polyallylamine hydrochloride (PAH),
which is a kind of polymer with a strong positive charge.
Zeta potential test (Figure 6d) showed MSA-UCNPs and
PAH-MSA-UCNPs were negatively charged and posi-
tively charged, respectively. The significant decrease of
OA, MSA encapsulation and PAH coating was also
confirmed by Fourier transform infrared spectroscopy
(FTIR) (Figure S3). PAH was introduced to encapsulate
UCNPs, as it can play three significant roles here. First,
the positively charged surface of the nanoparticle is
desired and allows antibody protein molecule conjuga-
tion. The antibody chosen here is anti-CEA8, which has a
pl value within 5.8—6.5 (data from Supply Corporation).
In the PBS solution environments (pH 7.4) anti-CEA8
carries a negative charge and can be conjugated with
PAH-MSA-UCNPs through noncovalent bonding. Sec-
ond, the cytotoxicity of nanoparticles used for cell
imaging is an important issue and should be avoided.
PAH polymer coating has been reported as an effective
and biocompatible encapsulation for various nanopar-
ticles. In the experiments, PAH-MSA-UCNPs showed
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hardly any toxicity to the cell lines. Third, with strong
positive charge on their surfaces UCNPs would repel one
another to form a stable solution without aggregation.
The PAH-MSA-UCNPs were further conjugated with the
antibody anti-CEA8 through noncovalent bonding in
PBS.>® The prepared PAH-MSA-UCNP aqueous colloidal
suspensions were used in spectroscopy measurements
to determine their UC photoluminescence spectra
(excited at 915 nm). The emission bands and inset
pictures in Figure 6¢ indicated that radiative deactivation
of the upconverted 915 nm light energy occurs through
visible or NIR emission. These also show the 915 nm laser
excitation efficiency of the UC photoluminescence and
their great potential in optical bioimaging.

Targeting Hela Cancer Cells Imaging Using 915 nm Laser
Excited UCNPs. To determine whether 915 nm laser
excited UCNPs can be used as potential optical tags
for cellular studies, we performed in vitro HelLa and
MDA cancer cell imaging using a confocal microscopy
system equipped with a 915 nm semiconductor laser
(300 mW). PAH-NaYbF,: Yb®>"/Ho*>" with green emis-
sion and PAH-NaYbF,: Yb*'/Er*™ with red emission
were chosen as optical probes, and they were immu-
nolabeled with rabbit anti-CEA8 antibodies, which is
commonly used to immunologically detect the carcino-
embryonic antigen (CEA), a cancer biomarker expressed
on the surface of Hela cells?® The well-prepared
anti-CEA8-conjugated UCNPs were incubated with
HeLa cancer cell lines for two hours before confocal
scanning. Figure 7 shows the UC photoluminescence
images of Hela cancer cell lines after different treat-
ments. The cells in picture (b) were remarkably stained
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Figure 8. In vivo whole body image of a NaYbF,: Yb®>"/Tm*" injected nude mouse: (a) bright field image, (b) pseudocolor
image obtained from true image (the inset black/white image), and (c) superimposed image (bright field image and
pseudocolor image) with the unmixed spectra of in vivo image (the inset chart) of UC signal and background as indicated by

the arrows.

with strong bright green emission from NaYbF,: Yb®"/
Ho®>", which indicates that HelLa cells have taken up
anti-CEA8-PAH-MSA-NaYbF,: Yb**/Ho*" through the
specific immunolabeling recognition. Superimposing
the bright field image and UC photoluminescence
image, we can easily find that all the green emission
was from the cell surface (little emission elsewhere).
Similar to other reported works,'??" two control ex-
periments were carried out in order to further confirm
the specific nature of antibody-mediated targeting on
cancer cells. In picture (d), the cells incubated with
PAH-MSA-NaYbF,: Yb**/Er" were rarely stained by
red emission because of a very low possibility of
labeling most cells. The specific immunolabeling re-
cognition of anti-CEA8-PAH-MSA-UCNPs was further
demonstrated by a competition experiment. The Hela
cells were preincubated with a 10-fold excess of un-
labeled anti-CEA8 for about half an hour and then
incubated with anti-CEA8-PAH-MSA-UCNPs for an-
other half hour. As shown in Figure 7e nearly no red
emission could be observed, indicating very few
UCNPs were taken up by cells. These facts confirmed
the UC photoluminescence excited by the 915 nm laser
was strong enough for the cell imaging and the
successful specific targeting ability of the anti-CEA8-
PAH-MSA-UCNPs into the Hela cancer cells. Figure 7a
shows the imaging pictures of blank cell lines (with
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UCNPs), and no emission could be observed in the
completely dark fluorescence image (middle row),
indicating that no autofluorescence from cells them-
selves was excited by the 915 nm laser. All the above
experimental results demonstrate that 915 nm laser
light could be used to efficiently excite UCNPs attached
on Hela cancer cells for autofluorescence-free optical
bioimaging.

In Vivo Nude Mouse Imaging Using 915 nm Laser Excited
UCNPs. To demonstrate the ability of 915 nm laser
excitation for in vivo UC bioimaging, NaYbF,: Yb**/
Tm>" nanoparticles were injected into the skin of a
nude mouse. The subcutaneously injected mouse was
immediately imaged with a Maestro in vivo imaging
system equipped with a 915 nm laser (1.25 W/cm?). We
chose NaYbF,: Yb>*/Tm>" nanoparticles as optical tags
because their strong NIR (800 nm) UC photolumines-
cence has a quite low absorption of animal or human
tissue, facilitating large imaging depth. DSPE-mPEG-
5000 was employed to directly encapsulate OA-
capped NaYbF,: Yb>'/Tm*' to make nanoparticles
hydrophilic and biocompatible and prevent aggrega-
tions in biological environments. Figure 8 shows
the whole body in vivo image of a nude mouse
injected with DSPE-mPEG-5000-UCNPs with (a) bright
field image, (b) pseudocolor UC photoluminescence
image, and (c) their superimposed image. A quite
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high-contrast emission picture was observed in the
experiments (Figure 8b). After overlaying the bright
field and pseudocolor image, we found that the bright
emission occurred where the DSPE-mPEG-5000-UCNPs
were injected, and almost no autofluorescence was
observed elsewhere. Unmixed spectrum analysis with
a wavelength range from 700 to 850 nm (the curves in
Figure 8c¢) also testifies that 915 nm laser light greatly
excites DSPE-mPEG-5000-UCNPs to emit 800 nm UC
photoluminescence. The strong and sharp emission
band around 800 nm corresponds to the treated skin
area, as the red arrow indicates, while the flat line
corresponds to the untreated areas, as the orange
arrow indicates. This in vivo animal imaging experi-
ment successfully demonstrated the great potential of
915 nm laser excitation for autofluorescence-free
UCNPs-based UC animal imaging.

CONCLUSIONS

In this paper, we have experimentally and compu-
tationally studied the overheating effect of 980 nm
laser irradiation in the UC optical bioimaging. A new
efficient excitation approach using 915 nm laser light

METHODS

Theoretical Model. As shown in Scheme 1, the configurations
and dimensions for simulation are given in detail. Simulations
were employed for both in vitro cellimaging and in vivo imaging
based on the photon diffusing equation and the heat transfer
conduction equation to study 980 nm laser and 915 nm laser
induced spatiotemporal temperature and photon fluence rate
distributions.

Cell-in-Celldish Model: The temperature distribution model
for in vitro cell-in-celldish is based on the transient heat transfer
equation with an additional term to account for energy ab-
sorbed by PBS.

pc(@T/at) = VkVT)+Q

where T(K) is the solution temperature, t(s) is time, p = 103
(kg/m?3) the density of the PBS solution, ¢ = 4200(J/kg-K) is the
heat capacity of the PBS solution, k= 0.58(W/m -K) is the thermal
conductivity of the PBS solution ,Q(W/m?3) is the heat source.
(Qog0 nm = 130270, Qg15 nm = 22000, according to Lambert—
Beer law.) The ratio k/pc is called the thermal diffusivity (m?s7),
which describes the dynamic behavior of the thermal process.
Regarding the boundary conditions used to solve the heat
transfer model, a heat flux or Neumann boundary condi-
tion was used in conjunction with Newton's law of cooling to
give

k(0T /on)) = h(T —To)

where h is the overall heat transfer coefficient for the region
adjacent to the model boundary, and Ty (37 °C) is the bulk
temperature of the surroundings. Typical values of h,;, = 25-
(W/(m?-K)), hwan = 5(W/(m?-K)) were used in the model.
Tissue Model: The diffusion equation was used to model the
propagation of the excitation light photon in the turbid
phantom.*® The photon fluence rate refers to the total number
of photons incident from all directions on a small sphere divided
by the cross-sectional area of the sphere and per time interval.
Then the absorbed energy was transformed into heat energy,
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was proposed for the first time to excite UCNPs to emit
UC photoluminescence for bioimaging. Compared
with 980 nm laser light, 915 nm laser light has much
lower water absorption and induced a much lower
temperature rise, acceptable to animal skin. Our phan-
tom imaging experiments have demonstrated that the
915 nm laser excitation method can achieve larger
imaging depth range in tissue and animal imaging.
Emission-enhanced monodisperse NaYbF,: Yb*/Er* T,
Yb3*/Ho*", and Yb**/Tm3* nanoparticles have been
synthesized and characterized. Antibody anti-CEA8
conjugated PAH-MSA-UCNPs and DSPE-mPEG-5000-
UCNPs were synthesized using facile methods and
subsequently used for in vitro and in vivo bioimaging
studies, respectively. The 915 nm laser excited UCNPs
have been used for HelLa cancer cell imaging and nude
mouse in vivo imaging, and good experimental out-
comes have been achieved. Overall, the efficiency
and advantages of the 915 nm laser excitation ap-
proach have been successfully verified. The proposed
method enables one to further develop deeper
tissue/tumor UC bioimaging with biocompatible laser
irradiation.

which was modeled using the transient heat transfer equation.
We used the Helmholtz representation of the diffusion equation
in the steady state:

V(—DV@)+u,0 =S, D= 1/Bu, +us))
pc@T/at) = VVT)+Q Q = u¢

where p(m™2 s7)is the photon fluence rate represented, D is
the diffusion coefficient, u,(m™") is the absorption coefficient of
the tissue, us'(m™") is the reduced scattering coefficient of the
tissue, S represents the source term, and the absorbed photon
fluence rate 1, was the heat source term. One commonly used
boundary condition that accounts for the refractive index
mismatch between tissue (n ~1.4) and air (n ~1) is the Robin-
type boundary condition.>*

@ +2AD(Vo)n = 0

Calculation of A for a tissue—air interface with nssue = 1.4 and
N = 1 yields A = 2.74. The boundaries other than the top
surface of the refractive index mismatch are continuous bound-
ary conditions (the tissue of interest was regarded as a part of
one whole human body). Term D is the diffusion coefficient. The
absorption coefficient and reduced scattering coefficient were
set as typical values according to ref 45 and absorption spectra
of biological specimen.*

Materials. Lanthanide oxides (Tm,0s3, Yb,0s;, Ho,0s;, and
Er,0s), trifluoroacetic acid (99%), sodium trifluoroacetate
(98%), 5-mercaptosuccinic acid, and polyallylamine hydrochlor-
ide were purchased from Sigma-Aldrich. All lanthanide oxides
utilized were 99.99% purity or higher. Octadecene (90%), oleic
acid (90%), anhydrous ethanol, anhydrous methanol, ammonia
aqueous (~30%), cyclohexane, and chloroform were purchased
from Sinopharm Chemical Reagent Co. (China). The antibody
anti-CEA8 (anti-CEAcam8/CD67) was purchased from Beijing
Biosynthesis Biotechnology Co., Ltd. DSPE-mPEG-5000 (1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-methoxy (poly-
ethylene glycol)-5000) was purchased from Creative PEGWorks,
Inc. Intralipid was purchased from Zhejiang University Hospital.
All of the chemicals were used without further purification, and

VOL.5 = NO.5 = 3744-3757 =

ACH AN

WWww.acsnhano.org

3754



UCNPs OA MSA

PAH anti-CEA8 CEAS8 PEG

Scheme 2. Schematic diagram illustrating the hydrophilization and coating of hydrophobic OA-capped UCNPs, the
bioconjugation between PAH-MSA-UCNPs and antibody anti-CEA8, and the incubation of antibody-conjugated anti-CEA8-
UCNPs with HelLa cancer cells. DSPE-mPEG-5000-UCNPs were intravenously injected into a nude mouse for in vivo animal

imaging.

deionized (DI) water was used in the experimental procedures.
HelLa cancer cell lines were supplied by the Medical School of
Zhejiang University. The studied mice (18—21 g weight male
nude mice) were purchased from Animal Experimentation
Center of Zhejiang University).

Synthesis of NaYbF,: Yb* ' /Er**, Yb**/Ho®*, and Yb**/Tm** Nanopar-
ticles. The NaYbF,: Yb?*/Tm*" (98 mol % Yb>" and 2 mol %
Tm>*, respectively) was synthesized using a modified co-ther-
malysis method.”'*? Herein we take the procedure of NaYbF,:
Yb*/Tm3" as an example, and the other two were synthesized
similarly. Tm,03 (0.025 mmol) and Yb,05 (1.225 mmol) were
mixed and then solubilized in 20 mL of 50% aqueous trifluoro-
acetic acid at 80 °C in a three-neck round-bottom flask. After
about 2 h the solution became clear, and then the residual water
and acid were slowly evaporated to dryness at 80 °C. Sub-
sequently 5 mL of DI water was added to redissolve the dried
white powder. A 4.5 mmol amount of sodium trifluoroacetate
was then added to the reaction vessel with 30 mL of octadecene
(90%) and 30 mL of oleic acid (90%). The obtained solutions
were slowly heated to 140 °C under vacuum with magnetic
stirring for 40 min to remove residual water and oxygen, during
which time the flask was purged periodically with dry argon gas.
After water evaporated, the clear, yellow solution was heated to
320 °C at a rate of about 15 °C per minute under argon gas
protection and kept at this temperature under vigorous stirring
for about half an hour. Finally the heated solution was gradually
cooled to room temperature. The NaYbF,: Yb*/Tm*" was
precipitated by the addition of 100 mL of ethanol and isolated
via centrifugation at 10000 rpm. The resulting pellet was then
washed twice with mixture of methanol and ethanol (1:1) and
isolated via centrifugation at 10 000 rpm each time. The result-
ing muddy nanoparticles were dispersed in cyclohexane or
chloroform by sonicating for 5 min for further characterization.

Surface Functionalization of Nanoparticles. The as-synthesized
UCNPs were further surface functionalized for bioimaging
experiments. Scheme 2 illustrates the process of hydrophiliza-
tion and coating of hydrophobic OA-capped UCNPs, antibody
bioconjugation, and the incubation of anti-CEA8-UCNPs with
Hela cancer cells. A 200 uL amount of NaYbF,:Yb*/Er*"
(NaYbF4:Yb*'/Ho®") chloroform suspension and 120 mg of
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MSA were added to a mixture of 2 mL of DI water and 8 mL of
chloroform. Then the MSA encapsulation was initiated with the
addition of 300 uL of aqueous ammonia (~30%), and the
mixture was kept overnight at room temperature under vigor-
ous stirring. Water-dispersible MSA-NaYbF,: Yb*"/Er* " (NaYbF,:
Yb>* /Ho>*) nanoparticles were obtained after being washed
two times successively with ethanol and DI water. For PAH
coating, 200 uL of PAH solution (20 mg/mL in 10 mM NaCl) and
100 uL of 10 mM NaCl solution were added into the prepared
MSA-UCNP water solution. This mixed solution was then vor-
texed vigorously for 3 min. After 3 h adsorption time, the excess
PAH molecules in the supernatant fraction were removed by
centrifugation twice, and the pellet was redispersed in PBS
water. The bioconjugation between the anti-CEA8 and PAH-
MSA-UCNPs was realized through noncovalent bonding. A
10 uL portion of anti-CEA8 (0.5 mg/mL) was added to 100 uL
of as-prepared PAH-MSA-UCNPs PBS solution and incubated for
about 1 h at room temperature. Then anti-CEA8-UCNPs were
obtained via centrifugation to remove the unconjugated anti-
body molecules and were redispersed into PBS solution for
in vitro cell imaging. DSPE-mPEG-5000 was used to directly
encapsulate hydrophobic NaYbF,: Yb>'/Tm>" for in vivo experi-
ments. Then 1 mL of 25 g/mL DSPE-mPEG-5000 chloroform
solution was mixed with 0.2 mL of as-prepared NaYbF,: Yb>*/
Tm>* chloroform suspension. The mixture solution was further
sonicated 10 min, and then the chloroform was slowly evapo-
rated (while rotating) to dryness at 80 °C under vacuum
condition. A 500 uL sample of PBS solution was used to dissolve
the DSPE-mPEG-5000-UCNPs.

Instruments. Two power-tunable semiconductor lasers, a
915 nm laser (Shanghai Connet Fiber Optics Co., Ltd.) and a
980 nm laser (Wuhan ZJKC Technology Co., Ltd.), were utilized in
the experiments. The size and shape of the nanoparticles were
characterized by transmission electron microscopy using a JEOL
JEM-1200EX microscope at an acceleration voltage of 160 kV.
Zeta potential measurements were performed on a Malvern
Zetasizer Nano ZS90 instrument at room temperature. The
samples were treated with PBS (pH 7.4) solution before mea-
surement. An X-ray diffractometer (PANalytica X'PERT PRO
SUPER) was used to collect the XRD data. A Fourier transform
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infrared spectroscope (FTIR, NICOTCT, Thermo Nicolet Corpora-
tion, USA) was used to measure the FTIR spectrum of prepared
UCNPs. A professional infrared thermal imaging camera (FLIR
ThermaCAM S65) was used to record the thermographic maps
of laser-irradiated mice. Green and red UC photoluminescence
from NaYbF,: Yb>*/Er** and NaYbF4: Yb*/Ho>* were obtained
using a fluorescence spectrophotometer (F-2500, Hitachi,
Japan) with 915 nm laser excitation. Another compact fiber-
coupled spectroscope (Ocean Optics, USB2000) was used to
measure the spectrum of NaYbF,: Yb*™/Tm®" excited by
915 nm light and the absorption spectra of transparent colloidal
UCNPs and black ink solution. Photographic images of UCNP
suspensions were taken by a digital camera (Nikon D40, Japan)
without adding any filter. The in vitro HeLa cancer imaging was
completed using a laser confocal scanning microscope
(Olympus, FV1000) under CW excitation at 915 nm. In vivo
experiments were performed in compliance with Zhejiang
University Animal Study Committee's requirements for the care
and use of laboratory animals in research. A Maestro imaging
system (CRI, Inc., Woburn, MA) equipped with 915 and 980 nm
lasers was used to perform phantom imaging and in vivo mouse
imaging.
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