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ver the last years, the scientific
Ocommunity has witnessed count-

less developments in modern bio-
imaging techniques. In particular, the com-
bination of ultrafast laser oscillators, confocal
microscopy, and biocompatible fluorescent
nanoparticles has emerged as a powerful
tool for high-resolution cellular and tissue
imaging."~” Although great efforts are still
underway in the development of novel laser
sources and optical microscopy techniques,
it is widely assumed that the discovery of
novel fluorescent nanoparticles is the key
factor that could drive bio-imaging toward
anew level of multifunctionality.®~'> Among
the various types of fluorescent nanoparti-
cles that are currently used in bio-imaging,
lanthanide-doped upconverting nanoparti-
cles (UCNPs) are attracting considerable
attention.*%71%14=17 These nanoparticles
can be multiphoton excited with near-infra-
red (NIR) light to generate emission at higher
energies spanning the UV to the NIR. It has
been demonstrated that they can lead to
optical conversion efficiencies that are super-
ior to those achieved by the widely used two-
photon excited semiconductor quantum
dots (QDs) and gold nanorods (GNRs).'® In
fact, due to the participation of real elec-
tronic states rather than virtual ones, the
two-photon excited fluorescence in UCNPs
does not require the use of high-intensity

DONG ET AL.

ABSTRACT In this study, we report on the remarkable two-photon excited fluorescence

efficiency in the “biological window” of CaF,:Tm

* Yb* " nanoparticles. On the basis of the strong

Tm** ion emission (at around 800 nm), tissue penetration depths as large as 2 mm have been

demonstrated, which are more than 4 times those achievable based on the visible emissions in

comparable CaF,:Er* " ,Yb® " nanoparticles. The outstanding penetration depth, together with the

fluorescence thermal sensitivity demonstrated here, makes CaF,:Tm

> Yb** nanoparticles ideal

candidates as multifunctional nanoprobes for high contrast and highly penetrating in vivo

fluorescence imaging applications.

KEYWORDS: multifunctional nanoprobes - fluorescence bio-imaging -
nanothermometers - near-infrared upconversion - calcium fluoride

laser pulses but can be efficiently produced
using inexpensive continuous wave laser
sources.'”?° Due to all of these outstanding
features, UCNPs have quickly found uses as
modern fluorescent biomarkers 2> 7101413
Indeed, the literature shows numerous ex-
amples of novel applications based on
UCNPs, including intracellular imaging, dif-
fuse tomography, and selective cancer cell
detection.>*'*'> The interest in UCNPs has
been further enhanced due to the recent
demonstration of their capability for intra-
cellular thermal sensing based on the ther-
mal-induced spectral changes in their
fluorescence bands.2' 23 The spectral work-
ing range of UCNPs (excitation and emission
ranges) is determined by the particular lantha-
nide dopant ions. Typically, erbium (Er) and
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ytterbium (Yb) codoping has been the pair of
choice>?"**2> This is because the efficient Yb
(donor) to Er (acceptor) energy transfer allows for
NIR-to-visible optical conversion through a two-
photon excitation mechanism. Furthermore, the Er**
visible emissions lie in the spectral range where com-
mercial multiphoton microscopes have their highest
detection response. Nevertheless, the use of visible
emitted wavelengths restricts their real application in
bio-imaging due to their short tissue penetra-
tion depths (caused by tissue scattering and specific
absorptions of tissue components such as melanin and
hemoglobin).?*?” To overcome this problem, other
emitting ions could be used, with excited fluorescence
bands lying within the so-called “biological window”
(700—900 nm).?® Previous works have already demon-
strated that the Tm3" and Yb®*" combination could be
an interesting alternative.” 32 Indeed, Tm**/Yb®"
codoped NaYF, nanoparticles have been already used
for NIR in vivo imaging.’

Very recently, lanthanide-doped CaF, UCNPs have
gained recognition due to their good infrared-to-visible
upconversion fluorescence efficiencies.>*>* These have
been previously explained in terms of a combination of
different factors. First, the low phonon energy of CaF,
minimizes multiphonon de-excitation probabilities.
Second, it is known that due to the presence of charge
compensation effects, when doped with lanthanide
ions, the CaF, network promotes the formation of pairs
so that an effective reduction in the interatomic dis-
tance occurs, increasing the energy transfer rates (and
hence the upconversion probability).3® In addition, the
stability and nonhygroscopic behavior of CaF, makes it
an attractive material for nanoparticle fabrication. How-
ever, despite the promising preliminary results pub-
lished on CaFyTm3*,Yb®>" UCNPs, there are still some
important open questions that should be answered
before they can be used in real deep-tissue bio-ima-
ging: their two-photon excited fluorescence efficiency
(in comparison CaF:Er*",Yb>" UCNPs), their biocom-
patibility (not yet discussed for CaF, UCNPs), and most
important, the actual tissue penetration depths that can
be achieved based on their NIR emission. Finally, their
potential use as nanothermometers (already demon-
strated for NaYF4:Er* ", Yb*" UCNPs but never explored
for Tm®"-doped UCNPs) must be tested in order to
endow their multifunctional character.

RESULTS AND DISCUSSION

The average particle sizes of the UCNPs, obtained
from TEM measurements, are found to be typically
11 nm with a size dispersion of +2 nm (see Figure 1a).
All of the obtained UCNPs are cubic single phases, as
revealed by a comparison of the XRPD patterns with the
PDF no. 00-035-0816 card for cubic CaF, (Figure 1b). The
presence of citrate groups at the surface of the UCNPs
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Figure 1. (a) TEM image and particle size distribution for the
CaFy:Tm3" YB3+ nanoparticles. Similarimages are observed
for the CaF,:Er*",Yb>" nanoparticles. (b) X-ray diffraction
pattern of the CaF,:Tm3",Yb*" nanoparticles and PDF card
no. 00-035-0816 (cubic CaF,, Fm3m group). A similar pat-
tern is found for the CaF,:Er**,Yb®" nanoparticles.

was demonstrated by absorption spectra in the medium
infrared region (see Figure S1, Supporting Information),
which denoted the presence of the characteristic absorp-
tion bands of citrate groups (at 1400 and 1600 cm ™ ").3
Figure 2 shows the two-photon excited emission
spectra as obtained from both CaF»:Er*",Yb*" and
CaF,:Tm*",Yb*™ UCNPs. They were measured under
identical experimental conditions (same focusing op-
tics, same excitation pulse energy, and same collecting
optics). The spectral extension of the biological win-
dow (limited by dispersion, hemoglobin, and melanin
absorptions at short wavelengths and by water absorp-
tion at long wavelengths) is schematically indicated.
Since the concentration of both types of UCNPs in the
PBS solution (1 wt %) as well as the donor (Yb>") and
acceptor (Er*" or Tm*") dopant ion concentrations
were identical, the data in Figure 2 constitute a com-
parison of the corresponding fluorescence efficiencies.
It is clear that the optical conversion efficiency within
the biological window is improved by more than 1
order of magnitude by using the Tm*"-doped UCNPs
instead of the Er¥"-doped ones. The two-photon con-
version efficiency of the CaF>:Tm>",Yb> " nanoparticles
under investigation has been estimated (based on
previous works and on their relative brightness mea-
sured in a confocal microscope) to be not higher than
19%."®37 Thus, high contrast multiphoton bio-images
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Figure 2. Two-photon excited emission spectra of CaF,
nanoparticles codoped with Er*",Yb>" or with Tm3",Yb3*.
Both spectra were obtained under 920 nm excitation and
were corrected for the spectral system response. The
spectra were not normalized, thus they provide a direct
comparison of fluorescence efficiency. Note that in the
biological window the Tm emission is more than 1 order of
magnitude more intense than that of the Er emission.

are expected to be obtained using the Tm*"-doped
UCNPs. To this respect, HelLa cancer cells were incu-
bated with the CaF, UCNPs for 2 h at 37 °C. The initial
colloidal suspension was additionally diluted by PBS
(1:20 v/v). The successful cell marking by both CaF,:
ErtYb®t and CaFy:Tm3',Yb®" UCNPs was verified
using a fast multiphoton microscope, upon 920 nm
excitation, and it is shown in Figure 3. The left column
of Figure 3 demonstrates the optical transmission
image of a group of Hela cancer cells, whereas the
corresponding  fluorescence and  superimposed
images are displayed in the middle and right columns,
respectively. No autofluorescence is observed. Thus,
the results presented in Figure 3 confirm the potential
use of both CaFyEr*"Yb>' and CaFyTm3" YB3 ci-
trate-capped UCNPs in bio-imaging (i.e., in cancer cell
imaging). To the best of our knowledge, the images
included in Figure 3 constitute the first bio-images
obtained using CaF, UCNPs.

In order to determine whether the CaF, UCNPs can be
used in real bio-imaging, we investigated the toxicity
and cell viability of the HeLa cancer cells after treatment
with the CaF, UCNPS. For this purpose, we used the MTT
assay,*® amethod based on the activity of mitochondrial
dehydrogenases, which will be functionally affected by
UCNPs in vitro. The toxicity results are shown in Figure 4.
As can be observed, no signal of additional toxicity with
respect to the control Hela cells was observed in our cell
viability assays after 18 h of UCNP incubation. The
toxicity of CaF, UCNPs was also tested in mesenchymal
stem cells (a cell line not isolated by murine bone
morrow) by using the same procedure as that applied
to Hela cells. In that case, we did not observe any
noticeable toxic effect on the cells (in accordance with
the results obtained with HeLa cells). Of course, it should
be noted that the cell viability results presented here are
only valid for CaF, citrate-capped nanoparticles. Thus,
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CaF,:Er®* ,Yb3*

CaF,:Tm3*,Yb3*

Figure 3. Top row shows (from left to right) the room
temperature optical transmission images of HelLa cells
incubated with the CaF,:Er**,Yb3*/PBS solution, the two-
photon fluorescence image, and the superimposed image.
Bottom row shows (from left to right) the room temperature
optical transmission images of HelLa cells incubated with
the CaF,:Tm>",Yb3"/PBS solution, the two-photon fluores-
cence image, and the superimposed image.

the good results obtained in terms of viability indicate
that citrate capping makes CaF, UCNPs highly biocom-
patible. Similar experiments are being planned to check
how the particular surface treatment effects determine
the final biocompatibility of the CaF, nanoparticles.
Due to the significant Tm®*" NIR fluorescence with
respect to the Er¥" one, a much deeper tissue penetra-
tion depth is expected using Tm*"-doped UCNPs than
for the Er¥"-doped ones. Figure 5a presents a sche-
matic representation of the experimental setup used to
compare the tissue penetration depths achievable
using both CaF,:Er*",Yb®>" and CaF»:Tm>",Yb>" UCNPs.
The solution containing the UCNPs was placed in the
same confocal microscope as the one used for Figure 2,
but in this case, a phantom tissue with a variable
thickness was placed between the colloidal suspension
and the focusing/collecting microscope objective. This
setup allowed us to measure the two-photon excited
fluorescence for different tissue thickness by simply
translating the colloidal suspension. The phantom
tissue used in this work consists of a scattering medium
(such as agar) containing several absorbing compo-
nents (India ink and olive oil).>~*? The ratio between
the different components was adjusted in order to
reproduce the main features of the absorption spec-
trum of human skin: high optical extinction coefficients
(>8 cm™) in the visible region due to the presence of
melanin and hemoglobin; a background absorption/
extinction coefficient close to 6 cm™' in the 700—
900 nm range, due to scattering; and relevant absorp-
tion above 900 nm, due to the presence of water. All of
these features have been well reproduced by our
phantom tissue, as can be observed from the extinction
spectrum shown in Figure 5b. For the sake of compar-
ison, Figure 5c¢ shows the variation of the collected
two-photon excited fluorescence intensity as a func-
tion of the tissue thickness for the two different
UCNP solutions (CaF,:Er*™,Yb>" and CaF,:Tm3*,Yb3™).
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Figure 4. Percentsurvival of HelLa cell line incubated for a period of 18 h with different concentrations of CaF, UCNPs codoped
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Figure 5. (a) Schematic representation of the experimental
setup used to determine the penetration depths of two-
photon excited CaF, nanopatrticles. (b) Extinction spectrum
of the phantom tissue used throughout this work. (c)
Measured intensity at emission wavelengths of 655 nm
(green dots) and 790 nm (red dots) for the CaF,:Er*",Yb>"
and CaF,:Tm*",Yb*>" nanoparticles, respectively, as a func-
tion of the phantom tissue thickness.

The emission wavelengths used for these measure-
ments were 655 and 790 nm for the Er**/Yb>" and
Tm*"/Yb*" codoped CaF, UCNPs, respectively (i.e.,
those leading to the maximum emitted intensity for
each system). It is clear that, although the collected
emission intensity drastically decreases with increas-
ing phantom tissue thickness, appreciable fluorescence
signals for the two solutions could still be obtained.
However, in the case of the CaF,:Tm>",Yb>" UCNPs, a
fluorescence signal could still be observed up to a tissue
thickness close to 2 mm. In fact, this penetration
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Figure 6. Two-photon excited emission spectra at two
different temperatures as obtained from the Er**/Yb®*" and
Tm3*/Yb3* codoped CaF, UCNPs (left side, top and bottom
rows, respectively). The temperature dependence of the
ratio between the fluorescence lines indicated by arrows on
the spectra is shown in the right column. Dots are experi-
mental data, and solid lines are guides for the eyes.

depth is comparable to the one recently achieved
using two-photon excited NIR CdTe QDs (approxi-
mately 1.8 mm) (Maestro et al., unpublished data). On
the other hand, the visible emission generated by the
CaF:Er",Yb®>" UCNPs is completely attenuated at a
much shorter distance of 0.3 mm, that is, 6 times lower
than that achieved using the 800 nm emission of Tm>*.
It is important to remark that the data included in
Figure 5¢ represent he first direct measurement show-
ing how the optical penetration depth in tissues is
substantially improved by replacing the visible emitting
Er*" ions for the near-infrared emitting Tm*" ones. In
other words, data of Figure 5c clearly establish that
the CaF>:Tm*",Yb®*" UCNPs are ideal for deep-tissue
bio-imaging applications.
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Moreover, Er’*/Yb>" codoped UCNPs are interest-
ing not only because of their strong two-photon
excited visible fluorescence but also because of the
thermal sensitivity of their fluorescence that allows
their use as nanothermometers, as already demon-
strated for NaYF4:Er3",Yb>" UCNPs. Indeed, we have
verified that a similar behavior exists in the CaFEr*™,
Yb** UCNPs. The top row in Figure 6 presents the two-
photon emission spectra of CaF:Er*",Yb>" UCNPs as
obtained at two different temperatures. A clear change
in the relative intensity of the Er** ion emissions
centered at 520 and 540 nm was observed due to
the thermal coupling between the corresponding ?Hy 1>
and S5, emitting excited states. This ratio decreases
monotonously with temperature, as can be observed on
the graph at the top right quadrant of Figure 6, so that
the experimental determination of this ratio gives a
direct temperature measurement. Similar experiments
were carried out with the CaF,:Tm>",Yb>™ UCNPs, and
the obtained results are shown in the bottom row of
Figure 6. We have found that the ratio between the
different fluorescence lines constituting the 800 nm
fluorescence band of Tm** ions is remarkably modified
by the temperature. This is explained by taking into
account that these fluorescence lines are generated
from thermally coupled sub-Stark energy levels belong-
ing to the *H, excited state of the Tm>" ions. The most
evident change has been observed between the fluo-
rescence lines at 790 and 800 nm. Indeed, the ratio
between the corresponding peak emitting intensities

EXPERIMENTAL SECTION

Synthesis. The CaF,:Ln>*,Yb>" (Ln = Er, Tm) UCNPs were
synthesized by a single-step hydrothermal method using water
as a solvent and citrate ions as capping agents. Reagent grade
metal chlorides with Ca/Ln/Yb = 0.78:0.02:0.20 metal ratio were
dissolved in 7 mL of deionized water with 20 mmol of sodium
citrate. A proper amount of NH4F was added in order to have a
metal-to-fluoride molar ratio of 2.5. The transparent solution
was heat treated in a Teflon-lined autoclave at 190 °C for 6 h.
After centrifugation at 7000 rpm for 20 min, the UCNPs were
collected. Colloidal dispersions for both CaF»:Tm**,Yb*" and
CaF»:Er®",Yb®*™ UCNPs were prepared in PBS (1 wt %) without
any evidence of precipitation over a period of several months.

Structural Characterization. X-ray powder diffraction (XRPD)
patterns were measured using a Thermo ARL X'TRA powder
diffractometer, equipped with a Cu anode X-ray source. The
phase identifications were performed with PDF-4+ 2008 data-
base provided by the International Centre for Diffraction Data
(ICDD).

Electron Microscopy Characterization. Transmission electron mi-
croscopy (TEM) images were measured using a Philips Morgagni
268d electron microscope, operating at 80 KV. The powders
were dispersed in water and deposited on a Formvar film-
coated 150 mesh copper grid.

Spectroscopy Measurements. For two-photon fluorescence
measurements, the colloidal solutions under study in this work
were optically excited with 100 fs laser pulses with a 920 nm
wavelength (with a repetition frequency of 80 MHz) by a mode-
locked Ti:sapphire laser (Tsunami Spectra Physics). The laser
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decreases monotonously with temperature, which can
thus be used for thermal sensing. The data included in
Figure 6 clearly indicate that CaF,:Tm>",Yb>" UCNPs
can also be used as nanothermometers. The relative
thermal-induced change in the ratio between the
fluorescence intensities at 790 and 800 nm is lower
than that obtained for CaF,Er’*,Yb®>" UCNPs. Never-
theless, due to the much higher overall emitted inten-
sity, the experimental error in the determination of
fluorescence ratios within the Tm*" band is improved
with respect to the CaF,:Er**,Yb®" UCNPs, such that the
final thermal sensitivities achievable from both systems
are comparable.

CONCLUSIONS

In summary, we have performed the first cellular
imaging experiments using CaF»:Er*™,Yb*" and CaF:
Tm3",Yb*" UCNPs. These results together with the
absence of cytotoxicity in the incubated cells make
these nanoparticles excellent biocompatible probes. In
addition, on the basis of the efficient NIR emission of
Tm>" ions, we have clearly demonstrated that CaF.:
Tm>*",Yb*" UCNPs lead to a much deeper penetration
imaging power than that of CaF,:Er*",Yb*" UCNPs. As
the 3H,—>Hs transition of Tm>" ions is sensitive to
temperature changes, we also demonstrated the abil-
ity of CaF»:Tm>",Yb>" UCNPs as nanothermometers.
These nanoparticles appear to be excellent multifunc-
tional nanoprobes for high contrast and highly pene-
trating in vivo fluorescence imaging.

beam was focused into the colloidal suspension by using 50x
long working distance microscope objective (NA 0.55) of a Zeiss
LSM510 microscope. The two-photon excited fluorescence was
collected by using the same microscope objective and, after
passing through several filters and apertures, was spectrally
analyzed using a fiber-coupled high-resolution spectrometer.
For thermal sensitivity experiments, the solution was mounted
on a heating microscope with temperature control from 25 to
65 °C with a resolution of £1 °C.

Toxicity Investigations. The toxicity of the CaF, nanoparticles
was investigated in both HeLa and mesenchymal stem cells. The
cell viability of those cells after treatment with the CaF, UCNPs
was determined by the MTT assay,”” a method based on the
activity of mitochondrial dehydrogenases, which will be func-
tionally affected by UCNPs in vitro. Following appropriate
treatments, a 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazo-
lium bromide (MTT) solution was added to each well at a
concentration of 0.5 ng/mL, and plates were incubated at
37 °Cfor 2—3 h. The resulting formazan crystals were dissolved
by the addition of DMSO, and absorbance was measured at
560 nm. The viability was also investigated by microscopy with a
trypan blue exclusion test using a Neubauer chamber counter.
Both methods concluded the same results.
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