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Fig. 1 X-ray diffraction patterns recorded on as-prepared and
annealed (T = 900 °C, t = 30 min) nanorods by HT and particles
by CTAB-assisted HP. Reference files: Gd(OH); [83-2037], Gd,03
[12-0797]

X-ray diffraction patterns recorded on samples obtained by
HT and CTAB-assisted HP are. shown in Fig. 1. Patterns
recorded on powders obtained by surfactant-free or CTAB-
and PEG-6.000-assisted HP are similar to the pattern for
CTAB-assisted HP. As-prepared powders by HT consist of
crystalline gadolinium hydroxide (Gd(OH);). The powders
can be transformed into crystalline gadolinium oxide
(Gd,03) by post-thermal treatment. High annealing tem-
peratures of 900 °C were chosen in order to remove
residual water, hydroxyl or carboxylic groups that may
quench photoluminescence of the GdyOs:Er’*,Yb"
nanostructures. As-prepared powders obtained by HP are
amorphous, but are also transformed into crystalline Gd,03
by post-thermal treatment.

The microstructure of the Gd,O5:Er’,Yb*>" nanostruc-
tures was investigated by SEM. As shown in Fig. 2, HP
results in spherical shape. Spheres with a diameter of an
average value of 210 nm are obtained by surfactant free HP
(Fig. 2a). Matijevic and Hsu [41] originally described the
formation of Gd,Os5 particles by HP. However, morphology
control is difficult and larger spheres up to 300 nm in
diameter or agglomerates have been observed and are
described in literature [42]. Morphology and size can be
controlled by the addition of surfactants. Particles with a
diameter of an average value of 160 nm are obtained by
addition of CTAB during HP (Fig. 2b). An average particle
size of 85 nm is obtained by addition of a mixture of
CTAB and PEG-6.000 (Fig. 2c). Morphology control by
cationic surfactant, such as CTAB, is well known and has
been described for various lanthanide containing nano-
structures [43-45]. Nanostructures obtained by hydrother-
mal method exhibit rod like structure with lengths of an
average value of 260 nm and diameters of an average value

of 55 nm resulting in an average aspect ratio of 5 (Fig. 2d).
As seen by XRD analysis, HT results in the formation of
crystalline gadolinium hydroxide. Gd(OH); crystallizes in
the hexagonal lattice. Hence, anisotropic growth is favored
and no templates are required to obtain elongated structures
such as nanorods [46—49].

3.1.2 Upconversion and NIR emission

Figure 3 shows the upconversion and NIR emission spectra
for particles obtained by CTAB-assisted HP (diameter:
160 nm) under excitation with 980-nm wavelength.
Gd,05:Er**,Yb> " nanostructures emit green (550 nm) and
red (670 nm) luminescence (upconversion emission) as
well as NIR light in the range of 1.5 pm [38]. Particles of
85 and 210 nm as well as rods show similar spectra with
emission peaks at the same wavelength range.

3.2 Surface modification

Surface modification was effected under aqueous condi-
tions with PEG-b-PAAc concentrations of either 0.6 mg/
mL (Gd,O5:Er’,Yb>:PEG-b-PAAc = 1:1) or 1.2 mg/
mL (Gd,05:Er*,Yb>:PEG-b-PAAc = 1:2). Prior to the
addition of 0.6 mg/mL PEG-b-PAAc, PEG-6.000 was
added to the aqueous nanostructure dispersion in order to
increase its viscosity and hereby hinder the formation of
large agglomerates. Due to the positive surface charge of
Gd,03, confirmed by (-potential measurements, the poly-
acrylic acid group (PAAc) of the co-block polymer can be
electrostatically adsorbed on the nanostructure surface. The
PEG-b-PAAc modification of the GdyO5ErT,Yb>
nanostructures was confirmed by FT-IR spectra as shown
in Fig. 4.

Spectra of annealed, bare nanostructures show peaks for
metal-oxygen bonds in the range of 500 ecm ™', which
confirms the formation of gadolinium oxide phase by post-
thermal treatment. The presence of C=0 and C—O-C bands
can be assigned to impurities, such as residual carbonates
resulting from an incomplete decomposition of the original
precipitated Gd(OH)COj3-H,O particles to Gd,05, H,O and
CO, [41]. Those carbonates are extremely difficult to
remove and could also be found in analogous yttria nano-
particles annealed at 900 °C [50]. Further, CO, from the
atmosphere can absorb on the particle surface due to the
basic character of Gd,O5 [22]. After surface modification
peaks appear at 2900, 1500 and 1100 cm™'. Those are
referred to C—H bonds, C=0 bonds in PAAc and C-O-C
bond in PEG. Higher PEG-b-PA Ac concentration results in
higher intensity of those peaks. However, we suggest that
lower concentration is sufficient for a successful surface
modification. The broad band in the range 3,500 cm~! s
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Fig. 2 Scanning electron micrographs of Gd,Os:Er’TYb*T nano- 6.000-assisted HP ({dsgm) = 86 =+ 12 nm) as well asd HT ({(dsgm) =
structures obtained by a surfactant-free ({dsgm) = 209 =+ 28 nm), 53 £ 18 nm, {lsgm) = 262 £ 91 nm, (I/dsgm) = 5 £ 1.6)
b CTAB-assisted ((dsgp) = 158 £ 23 nm) and ¢ CTAB- and PEG-
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Fig. 3 a Upconversion and b NIR emission spectra recorded on Gd,05:Er’ T Yb*+ particles obtained by CTAB-assisted HP (P laser power at the
source point)
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Fig. 4 FT-IR spectra of bare (A) and PEG-b-PAAc modified (B:
c(PEG-b-PAAc) = 0.6 mg/mL, PEG-6.000 assisted; C: c(PEG-b-
PAAc) = 1.2 mg/mL) Gd,05:Er’ ", Y nanostructures obtained by
CTAB-assisted HP (analogous spectra were recorded on all other
samples)

assigned to O-H groups originating from surface modifi-
cation in aqueous medium.

3.2.1 Dynamic light scattering

The size distributions of PEG-b-PAAc modified nanostruc-
tures dispersed in water are displayed in Fig. 5 suggesting that
the modified nanoparticles are well dispersed in aqueous
solutions. The hydrodynamic mean diameters are 260, 190
and 90 nm for particles obtained by HP, by CTAB-assisted
HP and CTAB- and PEG-6.000-assisted HP. Those values are
in good agreement with particle sizes observed in SEM (210,
160 and 85 nm). In case of nanorods (SEM: 260 x 55 nm)
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Fig. 5 Hydrodynamic diameter distribution of the PEG-b-PAAc
modified G(1203:Er3+,Yb3+ nanostructures obtained by surfactant-
free (open circle), CTAB-assisted (open square), CTAB- and PEG-
6.000-assisted HP (open triangle) and HT (filled circle)

the measured hydrodynamic mean diameter is 500 nm indi-
cating a tendency to form agglomerations. It must also be
mentioned that DLS is a standard technique for the investi-
gation of spherical structures, while in case of rod-like
structures the assumption that all particles are spherical is not
valid and their analysis is much more complex. Due to
Brownian motion particles move randomly, whereas elon-
gated structures move rapidly in the elongated direction, but
slowly in the other direction. During the DLS measurement an
average over those rapid and slow movements of the rods over
time is recorded and an equivalent sphere is calculated [51,
52]. Therefore, the hydrodynamic size can differ significantly
from the true size of the structures as observed in SEM.

3.2.2 Chemical durability

Under acidic conditions, as found, e.g. inside macrophages,
lanthanide oxides, Ln,Os, suffer from a poor chemical dura-
bility [53] resulting in their dissolution and formation of free
lanthanide ions. The chemical durability of the obtained
Gd,O5:Er*", Yb*"  nanostructures was investigated by
adjusting the pH of an aqueous nanostructure dispersion to 3.0
with HCI. The change in pH was recorded as a function of
time. Generally, in the presence of HCI, metal oxides react to
metal chloride and water (Eq. 1). GdCl; is soluble in water
leading to the formation of Gd>* and CI™ ions. During this
reaction H' ions are consumed and consequently the reaction
is accompanied by an increase in pH of the reaction medium.
Further, most lanthanide oxides react spontaneously with
water to lanthanide hydroxides (Eq. 2) [54]. The partial dis-
sociation of Gd(OH); in aqueous media results in the for-
mation of Gd** as well as OH™ ions leading to an increase in
pH (pK.(Gd(OH)3) = 9.4, pK(Gd(OH);) = 5.7). There-
fore, the chemical durability of the nanostructures can be
evaluated based on the change in pH of the solution, whereas
an increase in pH of the nanostructure suspension indicates
the partial dissolution of Gd,Os.

Gd,0; + 6H + 6C1~ — 2Gd** + 6C1~ + 3H,0 (1)
Gdy053 + 3H,0 — 2Gd(OH),— 2Gd>* + 60H~ )

As obvious from Fig. 6, the immediate increase of the
pH from initial 3.0 to a saturation value of 6.4 confirms the
poor chemical durability of bare Gd,O5 nanostructures. On
the other hand, after modification with PEG-b-PAAc
particles and rods show good chemical durability.

3.3 In vitro cytotoxicity

In our previous work, the in vitro cytotoxicity of
Gd,03:Er*",Yb*" nanostructures towards B-cell hybrido-
mas and macrophages was investigated by a set of cyto-
toxicity assays [38, 55]. Briefly, we found no cytotoxic

@ Springer



2406

J Mater Sci: Mater Med (2012) 23:2399-2412

65 4 ——Rods
= —— Particles by HP
604l Particles by CTAB-
. as-prepared assisted HP
Particles by CTAB- and
55 4 PEG-6000-assisted HP
50
5 451
PEG-b-PAAC modified
40 4
35y =
30 4
25 + T T T T T T
0 30 60 D0 120 180 180 210 240
Time [min]

Fig. 6 Chemical durability of bare and PEG-b-PAAc modified
Gd203:Er3+,Yb3'+ nanostructures

effect after incubation of up to 500 pg/mL Gd,O5:Er’ *Yb*t
with B-cells hybridomas, but low viabilities have been
observed in case of macrophages (Fig. 7a). The cytotoxic
effect is deduced to the uptake of the nanostructures by
macrophages, followed by a partial dissolution and release of
toxic Gd>* ions due to the poor chemical durability of gad-
olinium oxide under acidic conditions inside macro-
phages. Surface modification with PEG-b-PAAc improves
the chemical durability of the nanostructures, resulting in
viabilities of macrophages that are at least 2040 % higher
than the viabilities of cell cultures incubated with bare
nanostructures (Fig. 7b, c).

Besides the improved chemical durability of modified
Gd,05:Er**,Yb>*, changes in the surface properties have
been suggested as a potential reason for the observed bio-
compatibility after PEG-b-PAAc modification. It is known

materials depends not only on size and morphology but also
on surface charge [56]. Due to the generally negatively
charged cell membrane, nanostructures with a positive
surface charge should be uptaken more easily than those
with a negative surface charge. Measurement of the
{-potential of bare and PEG-b-PAAc modified nanostruc-
tures revealed a positive surface charge before, a negative
surface charge after modification. Consequently, a higher
incorporation rate, and therefore lower viability, is expected
for bare nanostructures when compared to modified
Gd,05:Er**,Yb3". For verification, bare and PEG-b-PAAc
modified Gd,O5:Er**,Yb>" nanorods and nanoparticles
(CTAB-assisted HP, d ~ 160 nm) have been incubated
with macrophages, followed by investigation in CLSM.

3.4 In vitro cellular uptake (CLSM)

In order to monitor the in vitro cellular uptake of
Gd,05:Er**,Yb>" nanostructures by macrophages as a
function of surface modification, we used CLSM. Bare and
PEG-b-PAAc modified nanorods and particles (160 nm)
were incubated with macrophages for 12 h, followed by
fixation of the cells. Cytoplasm was stained with Cell-
Tracker Orange (CMRA), which emits in orange range
(576 nm) under 543-nm excitation. Blue (461 nm,
JAex = 760 nm) emitting DAPI was used to stain the
nucleus. Under 980-nm excitation green (550 nm) and red
(670 nm) upconversion emission from Gd,05:Er’ T, Yb* T
can be detected in CLSM allowing the localization of the
nanostructures (Fig. 8).

In case of bare nanoparticles obtained by CTAB-assisted
HP (Fig. 8a), red and green upconversion emission was
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Fig. 7 In vitro cytotoxicity determined by trypan blue assay.
a Viability of B-cell hybridomas (incubation time 48 h) and
macrophages (incubation time 24 h) after incubation with bare
particles obtained by homogeneous precipitation. b Viability of
macrophages incubated with bare and PEG-b-PAAc modified
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¢ Viability of bare and PEG-b-PAAc modified nanorods incubated
with B-cell hybridomas and macrophages (incubation time 24 h).
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Fig. 8 CLSM images of macrophages incubated with a bare and
b PEG-b-PAAc modified particles as well as ¢ bare and d PEG-b-
PAAc modified rods. Scale bar 10 um. I DAPI stained nucleus
(Jex = 760 nm, J., = 461 nm). 2 CMRA stained cytoplasm

Gd,05:Er*",Yb>" by the macrophage. After modification
with PEG-b-PAAc (Fig. 8b) no upconversion signal is
detected in the cytoplasm but next to macrophage. This
observation indicates that PEG-b-PAAc modified particles
have not been taken up by the cell. Further, the observation
of healthy macrophages is in agreement with the high
viability of macrophages incubated with modified nano-
structures determined by trypan blue assay (Fig. 7b). As
obvious from Fig. 8c, green and red luminescence emitted
from bare nanorods can be detected in and around cyto-
plasm of the presented dead macrophage revealing the
cytotoxic effect (Fig. 7c) and cellular uptake of bare
Gd,05:Er’ ", Yb>" nanorods. Macrophages incubated with
PEG-b-PAAc modified nanorods are in healthy configura-
tion. Only week green upconversion emission could be
detected outside cytoplasm (Fig. 8d). These results confirm
the cellular uptake of bare Gd203:Er3+,Yb3+. On the other
hand, less nanostructures with PEG-b-PAAc modification
have been uptaken by macrophages. This is in agreement
with the reduction of non-specific uptake by macrophages
reported for PEG-modified nanostructures, such as iron
oxide or poly(lactic acid) (PLA) nanoparticles [57-59].

(Jex = 543 nm, ey = 576 nm). 3 Green (550 nm) and 4 red
(670 nm) upconversion emission of Gd,05:Er*",Yb*"  under
980-nm excitation. 5 Overlay. 6 Schematic representation

The results obtained from in vitro cytotoxicity assays and
observations made in CLSM show that the introduction of
a PEG-b-PAAc shell on the gadolinium oxide core struc-
ture provides good biocompatibility under studied condi-
tions. This fact can be assigned first to an improved
chemical durability under acid conditions and second to a
PEG-b-PAAc-induced decrease in cellular uptake.

3.5 In vivo distribution of PEG-b-PAAc modified
Gd,05Er*t Yb+

The in vivo distribution of PEG-b-PAAc modified
Gd,05:Er’",Yb>"  nanostructures was investigated by
using C57BL/6 mice. Nanostructures were suspended in
HEPES buffer at 500 pg/mL concentration and were
injected through tail vein (2.5 mg Gd,O3:Er’",Yb>™ per
mouse). After a few hours (day-0-mice), respectively 24 h
(day-1-mice) mice have been killed and nanostructure
distribution was observed in the OTN-NIR-FIB system
NIS-Opt. Figure 9 shows the NIR emission intensity under
980-nm excitation on day O and day 1. Mice treated with
particles of 210 and 160 nm diameter show intensive
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Fig. 9 OTN-NIR-IFBI false-color images of mice treated with PEG-
b-PAAc modified Gd,O5:Er’ T, Yb*" nanoparticles of a 210 nm and
b 160 nm in diameter (/ whole body, 2 opened body, day-0-mouse).

signals on day O through the mice’s skin (al and bl). The
signal is originating from Gd,O5:Er’*,Yb>T particles
accumulated in the liver as confirmed by observation of the
dissected mice (a2 and b2). In case of smaller particles and
nanorods, no signal was detected from the whole body, but
the accumulation of nanostructures was confirmed by
investigating single organs (Fig. 9d) as well as histological
sections of liver, lung, spleen and kidneys (Fig. 10).

The organ biodistribution study on day 0 reveals that the
nanostructures were mainly distributed in liver, spleen and
lung. Herein, signal intensity decreased with decreasing
particle diameter from 210 to 85 nm. The emission inten-
sity in case of nanorods is in between those intensities
measured for 85 and 160 nm particles (Fig. 9d). NIR-NIR
upconversion emission signals from organs of day-1-mice
reveal a strong decrease in signal intensity suggesting the
clearance of the nanostructures throughout the time course
of this study. Fluorescence microscopic analysis of histo-
logical sections taken from liver, spleen, lung and kidney
reveals a similar trend (Fig. 10e). Strongest NIR emission
is detected from spleen and liver, whereas the signal
intensity decreases from largest particles (210 nm, surfac-
tant-free HP) to nanorods and smallest particles (85 nm,
CTAB- and PEG-6.000-assisted HP).

The uptake of nanostructures by clearance organs
(liver and spleen) and lung has been reported for vari-
ous nanoprobes for biomedical applications [60-62].
Gratton et al. [63] investigated the uptake and elimination
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of ®*Cu-labeled DOTA-nanoparticles by time-resolved
MicroPET imaging. According to the authors, the accu-
mulation in clearance organs and the short elimination time
after injection indicates the quick recognition of nano-
structures as foreign followed by the removal from sys-
temic circulation by the reticuloendothelial system (RES).
Herein, Kupffer cells play a central role as shown by
Danscher et al. [64]. The authors reported the uptake of 2
and 40 nm gold nanoparticles primarily by Kupffer cells in
the liver and secondarily by macrophages in the spleen.
Kryza et al. [65] reported the free circulation of less than
5 nm in diameter Gd,O3 nanoparticles with a polysiloxane
shell in the blood without RES uptake, and observed renal
elimination of the nanostructures by SPECT, MR and
optical imaging. Silicon quantum dots are reported to
accumulate in the urinary bladder as well as the liver and
are excreted via renal filtration shortly after injection,
whereas the main site for accumulation of remaining
quantum dots 48 h after injection is the liver [66]. In our
study, fluorescence microscopic analysis of urine samples
taken from day-0- and day-1-mice injected with 85 and
160 nm particles showed a low content of green and NIR
upconverting Gd,O5:Er’",Yb** particles of 160 nm in
diameter. Further NIR emission was detected from histo-
logical sections of the kidneys (Fig. 10e). This observation
suggests minor renal elimination of the nanostructures
from the body. However, based on obtained OTN-NIR-FIB
images and due to nanostructures size [67] from 85 to
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Fig. 10 Histological sections
(violet: haematoxylin staining of
the nuclei, red: eosin staining of
eosinophilic structures such as
intracellular or extracellular
proteins including cytoplasm
and red blood cells) of a liver,
b spleen, ¢ lung and d kidney of
day-0-mice treated with 210 nm
particles as well as e NIR
emission intensity (integrated
density) from histological
sections of day-0- and day-1-
mice’s organs

(PLaser = 650 mW, Aoy =

980 nm, A, = 1.5 pm)
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210 nm, uptake by Kupffer cells in the liver and macro-
phages in the spleen is proposed to be the main clearance
mechanism. Hereby it must be taken into account that those
results clearly show the existence of Gd,O5:Er'™,Yb*™
nanostructures in lung, liver, spleen and kidney. However,
a potential biodistribution in other organs cannot be com-
pletely ruled out as the lower detection limit of this newly
developed in vivo NIR-based imaging system is still
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unclear. The lower limit is still remained to be researched
and further investigations including the confirmation of the
biodistribution by methods such as ICP-MS are recently
underway.

The influence of geometry and surface charge on bio-
distribution was studied by Arnida et al. [68]. A reduced
uptake of PEGylated gold nanorods by macrophages was
compared to PEGylated nanoparticles. Nanoparticles of
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negative surface charge accumulated in the liver at notably
higher extent than nanorods of almost neutral charge,
which was deduced to different morphology and surface
charge. We observed reduced NIR emission from organs of
mice treated with nanorods, which may be, in accordance
to Armida et al., due to a reduced accumulation of rod-like
structures in liver, spleen and lung when compared to
nanoparticles. As both of our PEG-b-PAAc modified
Gd,05:Er**,Yb*" nanostructures, rods and particles,
exhibit a negative surface charge, the influence of mor-
phology may be more important than that of the surface
charge and a morphology driven accumulation and blood
circulation time cannot be ruled out.

4 Conclusions

Erbium and ytterbium doped gadolinium oxide (Gd,Os:
Er® +,Yb3+) rod-like structures with an aspect ratio of 5 as
well as particles of 210, 160 and 85 nm in diameter have
been synthesized by hydrothermal and homogeneous pre-
cipitation methods. The obtained nanostructures show up-
conversion and NIR emission under 980-nm excitation.
Bright emission in the NIR range, observed in NIR fluo-
rescence microscope, makes Gd,O3:Er’™,Yb*™ promising
candidates as biomarkers for the “over 1000-nm NIR in
vivo fluorescence bioimaging” system. The cytotoxic
behavior of the obtained nanostructures was investigated
by incubation with B-cell hybridomas and macrophages.
No cytotoxic effect was observed towards B-cell hybrido-
mas. In contrast, viability of macrophages was reduced
when incubated with bare nanostructures. This fact was
deduced to the release of toxic Gd>* ions due to the poor
chemical durability of gadolinium oxide under acidic
conditions corresponding to the environment inside mac-
rophages. Surface modification with PEG-b-PAAc
improved the chemical durability and resulted in good
biocompatibility towards macrophages up to the highest
tested powder concentration (500 pg/mL). Further, CLSM
revealed a strong influence of the PEG-b-PAAc modifica-
tion on the uptake behavior of nanostructures by macro-
phages. While bare nanostructures are easily uptaken,
tendency for uptake of modified nanostructures is less
pronounced. This observation is assigned to the change in
surface charge from positive to negative range by intro-
duction of PEG-b-PAAc chains on the nanostructure sur-
face. The in vivo distribution of PEG-b-PAAc modified
nanostructures in mouse organs was investigated in the
OTN-NIR-IFBI system, revealing nanostructures in clear-
ance organs (liver, kidneys and spleen) and lung. Most
intensive emission was detected from particles larger than
100 nm. Histological sections of the organs confirmed
those results. Further, elimination studies in fluorescence
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microscope suggest the clearance of the nanostructures via
liver and kidneys. The observed biocompatibility and strong
UPC as well as NIR emission under 980-nm excitation make
those PEG-b-PAAc modified Gd,O5:Er**,Yb>" nanoparti-
cles and rods promising candidates for NIR bioimaging.
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