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Special proyerties of luminescent magnetic
NaGdF,:Yb>*, Er** upconversion nanocubes with
surface modificationst

Longyi Chen,® Wai Hei Tse, Alex Siemiarczuk® and Jin Zhang {2 *2®

A one-pot process is developed to produce NaGdF,:Yb®*, Er3+ upconversion nanocubes (UCNCs) with
amine surface modifications. The photoluminescence and magnetic properties of the amine modified
unpconversion nanocubes (UCNCs) were investigated. The emissions of green light at 540 nm and red
light at 660 nm are observed under infrared excitation (Aex = 980 nm) to both of UCNCs in aqueous
solution and dry form. The emission at 660 nm is inhibited by non-radiative decay process when water
interacts with the amine functional group on the surface of nanocubes. In addition, the magnetic
susceptibility of the nanocubes is 1.049 x 10™* emu g™t Oe™! at room temperature, which is 29% larger
than the reported value. NIH/3T3 mouse fibroblast cell line was used to study the cytotoxicity of the
UCNCs with amine surface modifications. The produced UCNCs with surface modification do not

impose toxic effect on cells. The findings could help to better apply upconversion nanocubes in bio-
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Introduction

Upconversion nanoparticles can convert excited light with
a lower energy into emission light with a higher energy because
of the multiphoton excitation-involving nonlinear process,
which can be applied in various areas, including luminescent
display devices, optical devices, photo-therapy, and medicine,
etc.’™ Most studies indicate that the dopants of lanthanide,
such as Er**, Tm*", and Ho**, can produce emission as the
optically active centres due to the to the 4f-4f orbital electronic
transitions. Fluoride materials, e.g. NaYF, and NaGdF,, nor-
mally act as the excellent host lattices because of their high
chemical stability and good optical transparency over a wide
wavelength range.>® Unique properties of lanthanide-doped
upconversion nanomaterials have attracted extensive atten-
tion, e.g. optical-magnetic bifunctional properties of NaGdF,:-
Yb**, Er’*.® Recently, the effect of shape and surface
modification of lanthanide-doped upconversion nanoparticles
on their fluorescence properties have been observed.

Various methods have been developed to produce upcon-
version nanocubes (UCNCs), including hydro(solvo)-thermal
reaction, thermal decomposition of rare earth organic
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imaging by choosing suitable interfacial media.

precursors, and ionic liquids (ILs) methods.”** Hydro(solvo)-
thermal reaction and thermal decomposition can produce
highly crystalline and monodispersed nanocubes, while the
reactions need highly controlled reaction parameters, e.g.
temperature, and toxic organic rare earth precursors which
bring barriers to further modification for biomedical applica-
tions. Whereas, the ionic liquids-related methods yield less
uniform nanocubes, but are relatively easy to control the
process parameters.'>'* Therefore, facile synthesis strategies for
high-quality UCNCs with controlled composition, crystalline
phase, particle size, are highly demanded.***

On the other hand, studies show that fluorescence properties
of upconversion nanoparticles can be affected by energy levers
of rare earth ions, the surface modification, etc.*®'” Riman and
his co-workers reported that the effects of three different
surfactants; trioctylphosphine, polyethylene glycol monooleate,
and polyvinylpyrrolidone on the emissions of NaYF,:Yb*"
Er*" nanomaterials.”” The emission intensity of NaYF,:Yb*",
Er** dried powder decreases following the order, poly-
vinylpyrrolidone > polyethylene glycol monooleate > tri-
octylphosphine > unmodified nanoparticles because of the
reduced reflectance loss at the boundary between upconversion
nanoparticles with different surfactants and the air. Song et al.
reported that NaYF,:Yb®*, Er** nanoparticles modified with
thioglycolic acid can transfer hydrophobic upconversion
nanoparticles into hydrophilic upconversion nanoparticles, and
the results indicate that the blue emission (*Hoj, — “Iy5,) and
red emission (*Fo;, — “Iy5,,) with respect to the green emission
(*Hi12, *S3;2 = “L152) have been enhanced after surface modi-
fication.'® In addition, some studies found that the chelation of

This journal is © The Royal Society of Chemistry 2017
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suitable functional group on upconversion nanoparticles can
not only affect their morphologies, but lead to the non-radiative
relaxation sensitive emission.'®'”**** More efforts are required
to understand the environment-sensitive behaviour of UCNCs.
In this paper, we developed a modified solvothermal method
to have a one-pot synthesis of NaGdF,:Yb*>*, Er** UCNCs with
amine surface modification. It is noted that amine functional
group normally increases the hydrophilicity of nanomaterials,
and is useful for further conjugating to different molecule. As
gadolinium-based upconversion nanomaterials could be used
as a dual contrast agent for the magnetic resonance imaging
(MRI) and fluorescence imaging.*** The fluorescence and
magnetic properties of the UCNCs with surface modification
were investigated. The cytotoxicity of the produced UCNCs is
also investigated for potential applications in bio-imaging.

Experimental
Materials

All used chemicals including gadolinium(m) nitrate hexahy-
drate (Gd(NOj3);-6H,0), ytterbium(m) nitrate pentahydrate
(Yb(NO3)3-5H,0), erbium(m) nitrate pentahydrate (Er(NOs)s-
-5H,0), sodium fluoride (NaF), branched polyethylenimine
(PEI, M,, ~ 800 by LS, average M,, ~ 600 by GPC), and ethylene
glycol (EG) were purchased from Sigma-Aldrich and used
without further purification. Deionized water was used
throughout the experiment.

Synthesis of PEI capped NaGdF,:Yb**, Er** nanocubes with
surface function of amine group

The NaGdF,:Yb**, Er** UCNCs were synthesized with a modified
solvothermal method.”® In a typical synthesize process,
1.6 mmol Gd(NO;);-6H,0, 0.36 mmol Yb(NO;);-5H,0,
0.38 mmol Er(NO3);-5H,0, 0.7 g PEI, and 20 mL ethylene glycol
were added into a 100 mL three-neck round-bottom flask and
dissolved by magnetic stirring. Then, 8 mmol NaF dissolved in
10 mL ethylene glycol were added dropwise into the 100 mL
flask. Under reflux, the solution was heated to around 198 °C to
keep ethylene glycol boiling for 6 hours under nitrogen gas
protection. The as-synthesized upconversion nanocubes were
centrifuged and purified with ethanol and water several times,
then dried at 60 °C.

Materials characterizations

The size and morphology of UCNCs were characterized by
transmission electron microscopy (TEM, Philips CM-10 operated
at 80 kV) and high-resolution TEM (FEI Titan 80-300 HB, Gatan
866 model). The UCNCs with surface modification of PEI were
identified by Fourier transform infrared (FTIR, Bruker Vector 22
in the range of 600-4500 cm™ " with a resolution of 4 cm ™" and 64
scans). The crystal structures of UCNCs were studied by X-ray
diffraction (XRD, Rigaku rotating-anode X-ray diffractometer
with Co-Ka radiation). The fluorescent emission spectrum of
NaGdF,:Yb*", Er** UCNCs were measured by fluorophotometry
(QuantaMsterTM 30, Horiba Canada-PTI) with an external exci-
tation wavelength of 980 nm, 1 W. The aqueous solution was
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scanned in a cuvette holder while dried sample was scanned in
a solid sample holder at 45° degree facing into the excitation
source. The magnetic properties of upconversion nanocubes
were measured by using a vibrating sample magnetometer (VSM,
Lake Shore 7407, moment measure range: 10’ to 10° emu; field
accuracy: +0.05% full scale).

Cytotoxicity study

NIH/3T3 mouse fibroblast cells were cultured in flasks with
DMEM supplemented with 10% fetal bovine serum (FBS), 100
units per mL penicillin and 100 pg mL ™" streptomyein, and 2.5 mg
L' of amphotericin B. Cells were cultivated until 80% confluent
or higher and transferred into welled plates. Cells were cultivated
in growth media for 24 hours to ensure cell adherence under
sterile conditions at 37 °C supplemented with 5% CO,.

Cell viability with the treatment of the functionalized UCNCs
was assessed by using the NIH/3T3 mouse fibroblast cell line from
the American Type Culture Collection (ATCC). Approximately 8000
cells were seeded into each well of a 96-well plate and cultivated
overnight at 37 °C. NIH/3T3 cells were incubated with 5, 10, 20,
and 100 pg mL ™" of NaGdF,:Er, Yb UCNCs for 24 hours at 37 °C in
triplicate. The cell media was aspirated and rinsed twice with
sterile PBS to remove free nanoparticles. Each well was incubated
with 200 pL of growth media and 50 pL of sterile 0.5% MTT
solution (0.5 mg MTT formazan powder per mL of deionized
water) for 4 hours. The media was aspirated and wells were twice
rinsed with sterile PBS. 150 pL of DMSO was added to each well to
lyse the cells and to dissolve the tetrazolium salt. The absorbance
of the plate was measured at 490 nm.

Results and discussion

Materials characterization

TEM and HRTEM were used to characterize the as-synthesized
NaGdF,:Yb*", Er* UCNCs. Fig. 1a shows the TEM micrograph
of highly uniform nanocubes. The average length of the nano-
cubes is approximately 40 &+ 5 nm. Fig. 1b shows the HRTEM
image of as-synthesized upconversion nanocubes with highly
a crystalline structure. The measured interplanar distance
between two adjacent lattice planes was 0.312 nm, corre-
sponding to a (1 1 1) plane of cubic phase NaGdF, (JCPDS 27-
0697).

The XRD profile is shown in Fig. 2. The XRD profile indicates
that standard cubic phase (JCPDS 27-0697) dominants in the
crystal structures,” and the result is compatible with the result
of HRTEM. It is also noted that there are two small peaks
around 300, which could be caused by the other phase, hexag-
onal NaGdF, crystal (JCPDS 27-0699). Compared to the thermal
decomposition for producing cubic UCNCs required high
temperature, >300 °C,”'° the one-pot method utilizing ethylene
glycol solution at 198 °C to produce PEI modified UCNCs. In
addition, the dopants, i.e. Yb**, and Er** ions, normally do not
change the crystal structures, but may slightly change the lattice
strain of the crystals. Therefore, the characteristic peaks of
cubic NaGdF, crystal acting as the host have a slight shift as
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Fig. 1 (a) TEM micrograph of NaGdF,:Yb®*, Er®* UCNCs, the small
inset is the size distribution histogram chart. (b) HRTEM image of as-
synthesized NaGdF,:Yb>*, Er®* UCNCs.
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Fig.2 XRD profile of NaGdF4:Yb®*, Er®* UCNCs and the line pattern of
standard cubic phase of NaGdF, (JCPDS 27-0697) crystal structure.
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compared to the standard cubic phase of NaGdF, (JCPDS 27-
0697) crystal structure.

PEI functionalization on the surface of the UCNCs is further
investigated by Fourier Transform Infrared (FTIR) spectroscopy.
The obtained FTIR spectrum is similar to previous results.>**
As shown in Fig. 3, the broad peak at 3300 cm ™" is attributed to
the -NH- stretching. The small peak at 1640 cm ™ is due to the
-OC-NH- bending. The peak at 1510 cm™ " is the vibration of
the amine groups.” In addition, the peak at 2300 cm ™" 1400
em ' and can be attributed to the stretching vibrations of
-CH,- and C-C bonds, respectively. These results confirm the
successful binding of PEI onto the nanocube surface.
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Fig. 3 FTIR spectrum of PEI capped NaGdF4:Yb®*, Er®* UCNCs.

Analysis of upconversion fluorescence

The fluorescence spectra of the UCNCs in both of aqueous
solution and dry form are shown in Fig. 4. Under excitation at
980 nm, 1 W, two upconversion emission bands of green light at
540 nm and red light at 660 nm are observed in both of
upconversion emission spectra of as-synthesized UCNCs
aqueous solution (1 wt%) and dry powder sample (same weight
of UCNCs in water). The green light emission (Aem, = 540 nm) is
attributed to *S;/, — *I;5/, electronic transition, while red light
emission (e, = 660 nm) is attributed to *Fy/, — *I,5, electronic
transitions. Emission features of our synthesized UCNCs are
comparable to the reported results.*®*’

In Fig. 4, the emission peaks at 540 nm to both samples show
similar value, while the red-light emission peak at 660 nm to dry
sample is much more intense than that of UCNCs in aqueous
solution. The intensity ratio of red light to green light, (Ise0/
I540)aq, is 2.49 £ 0.01 to the UCNCs in aqueous solution, while
the (Z660/I540)ary value of UCNCs in dry form is 20.56 & 0.01. The
value of (Isso/I540)ary is about 8.26 times greater than the value of
(1660/1540)aq-

The difference in the ratio of red light to green light to the
aqueous samples and dry sample can be caused by the inter-
action between water molecules and the PEI modified onto the
surface of nanocubes. Aqueous media is likely to decrease the
upconversion fluorescence by nonradiative decay. Previous
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Fig. 4 Upconversion fluorescence spectra of NaGdF,Yb®*, Er’*

UCNCs in deionized water (1 wt%) and dried UCNCs sample under

980 nm, 1 W laser excitation (noted that the as-made UCNCs in the
two states have the same weight).

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Schematic of the PEl/water shell on UCNCs in aqueous
medium and UCNCs in dry form.

reports indicate that the oleic capped upconversion nano-
particles with a corresponding decrease in luminescence is
caused by the nonradiative luminescence decay due to surface
binding ligands and water.** In our experiment, PEI, a ligand
molecule containing many amine groups (-NH-, -NH,), modi-
fied on the as-synthesized UCNCs can interact with water
molecules through hydrogen bonding.

In addition, we produced NaGdF,:Yb**, Er*" nanoparticles
without PEI by using the same method. Fig. S1t indicates that
the ratio (Isso/I540)dry iS 3.067, and the ratio (Iseo/I540)aq iS 1.494;
the value of (Igs0/I54)ary is about 2.05 times greater than the value
of (Isso/I540)aq- Whereas the value of (Igso/Isa0)ary iS about 8.26
times greater than the value of (Iss0/I540)aq to UCNCs with PEI
modification. This results confirm that the interaction between
PEI and water molecules enhance the non-radiative relaxation
caused by the water absorptivity.

Water molecules surrounding on the nanocube's surface
through interacting with PEI results in a dense water shell
coated on the nanoparticle surface, which may increase the
fluorescence non-radiative decay path. Corresponding sche-
matic is shown in Scheme 1. The cationic polymer molecule of
PEI has no light absorption in range of 250 nm to 800 nm.*
While, the non-radiative relaxation caused by the water
absorptivity is sensitive with increasing wavelength, and the red
emission is especially sensitive to non-radiative relaxation.***

Therefore, the PEI/water shell can increase the non-radiative
decay path, and leads to a greater decrease of florescence
intensity in red light emission (Ae;; = 660 nm) than that in green
light emission (Aey, = 540 nm).

Magnetic properties analysis

The magnetic properties of as-synthesized NaGdF,:Yb**, Er**
upconversion nanocubes is measured with a Vibrating Sample
Magnetometer (VSM). Fig. 5a shows the hysteresis loop of
NaGdF4:Yb*", Er*" upconversion nanocubes under a magnetic

This journal is © The Royal Society of Chemistry 2017
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field from 10 kOe to —10 kOe with various temperatures, 85 K,
125 K, 150 K, 200 K, 250 K and 295 K. The UCNCs show typical
paramagnetic properties.***®

The magnetic susceptibility (x) of the UCNCs is calculated by
using Curie law;*

X = H 1)

where M is the magnetization per weight, H the magnetic field.
Fig. 5b displays the x value of the UCNCs as a function of
temperature (7), which is a typical curve for paramagnetic
materials. At room temperature (295 K), x value is 1.049 x 10~*
emu g ' Oe ', which is 29% larger than the reported value of
the NaGdF,:Yb*", Er¥* upconversion nanoparticles, ~0.813 x
107" emu g~ Oe .3 It increases with decreasing tempera-
ture, when temperature is 85 K, x value of the UCNCs is 3.361 x
10" emu g~ ' Oe ™", due to thermal fluctuation reduction at low
temperatures.’®*® Reports have indicated that the nano-
materials with higher magnetic susceptibility (x) can be used
for hyperthermia treatments, and contrast agents for MRI
imaging.*® Our produced UCNCs exhibit paramagnetic proper-
ties. Therefore, the magnetization (M) normally increases with
reducing particle size as reduced particles size normally leads to
single domain, or low internal energy barrier.*! In addition, the
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Fig.5 (a) Magnetic hysteresis curves of PE| capped NaGdF,:Yb**, Er*
nanocubes with temperatures. (b) NaGdF4Yb®*, Er®* nanocubes
magnetic susceptibility at various temperatures.
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Fig. 6 Relative cell viability as a function of the concentration of
UCNCs with surface modification.

cubic structure could allow the nanoparticles having easy
magnetization along certain orientation, leading to the reduced
magnetic field for saturating UCNCs, H-Hgpisotropy- On the other
hand, TEM micrograph (Fig. S21) shows the NaGdF,:Yb*", Er**
nanoparticles without PEI have more irregular shape as
compared to the UCNCs with PEI, which could result in hard
magnetization orientation. Reports have demonstrated that
suitable surface modification can result in desired nano-
structured in term of uniform particle size, and shape.*” Thus,
the stronger magnetic susceptibility of our produced UCNCs
could be related to their cubic structures, the small particle size,
and surface modification.

Cytotoxicity study

NIH/3T3 mouse fibroblast cells were used for the cytotoxicity
test. The cells without the treatment of UCNCs was used as
a control. The relative cell viability of UCNCs with PEI modifi-
cation are over 110% when the concentration of UCNCs
increases from 5 to 40 pg mL ™}, it decreases to 97.3% when the
concentration of UCNCs increases to 100 pg mL~ "' as shown in
Fig. 6. The relative cell viability for materials with good
biocompatibility is normally beyond 85%.* Therefore, the as-
made UCNCs modified with amine functional group do not
impose toxic effect on NIH/3T3 mouse fibroblast cells.

Conclusions

In summary, a facile chemical synthesis method for synthe-
sizing uniform UCNCs with surface modified PEI amine ligands
was developed. The as-synthesized NaGdF,:Yb**, Er*" nano-
cubes have average length at 40 + 5 nm, which show good
hydrophilicity. The green emission (A, = 540 nm) and red
emission (A, = 660 nm) can be observed in aqueous solution
and dry sample. The upconversion red emissions is intensively
strong as compared to the dry sample. The ratio, (Iss0/540), Of
UCNCs in dry form is 8.26 times of that of UCNCs in aqueous
solution which could be related to the PEI/water shell. Water
absorptivity results in non-radiative decay; and red fluorescent
emission is particularly sensitive to non-radiative decay. More-
over, the UCNCs dry sample shows paramagnetic properties
with higher magnetic susceptibility of 1.049 x 10™* emu g*
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Oe ! at room temperature. In addition, the UCNCs with surface
modification do not impose toxic effect on NIH/3T3 mouse
fibroblast cell line. The results indicate that such UCNCs can be
used as a dual contrast agent in bio-imaging by choosing suit-
able interfacial media.
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