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Introduction

Lanthanide-doped rare-earth upconversion

Study of near-infrared light-induced excitation of
upconversion nanoparticles as a vector for non-
viral DNA deliveryf

Jen-Hsuan Wang, @2 Hsin-Yu Chen, Ching-Cheng Chuang®®
and Jung-Chih Chen () *abc

Clinical requirements have necessitated the development of biomedical nanomaterials that can be
implanted into tissues or bodies. Physiological regulation can be achieved in these nanomaterials
through external light. The combination of nanomaterials with infrared optics can be termed
optogenetics. The low autofluorescence of upconversion nanoparticles (UCNPs) has several applications
in the biological field. For optogenetics applications, UCNPs with high fluorescence performance and
photostability can solve the penetration depth problem. NaYF4:Yb,Tm nanocrystals with controllable
sizes, shapes, and compositions were synthesized using a rapid coprecipitation method in organic
solvent. UCNPs using single crystal nanoparticles provide higher chemical stability than those using
amorphous phase. However, because UCNPs are usually capped with hydrophobic ligands, it is
particularly important to prepare biocompatible UCNPs with specific molecular recognition capabilities.
Surface modification and subsequent functionalization are essential for the application of inorganic
nanomaterials in the biological environment and are arousing increasing research interest. Due to the
high biocompatibility and high loading of materials, mesoporous silica and amine groups were selected
as the best candidates. Expression of plasmid DNA in vivo and transfection efficiency were determined
by fluorescence microscopy and flow cytometry. The MTT assay was used to evaluate the particle
biocompatibility; the results showed that UCNP@mSIO, has great biocompatibility. Additionally, at
neutral pH, the cell surface is negatively charged. Therefore, the surface is functionalized with amino
groups and can be electrostatically bound to DNA. Finally, UCNP@mMSIiO,-NH; as a vector was applied in
live cells by loading DNA; according to the results, DNA-UCNPs were successfully transfected in the
primary cells, and NaYF4:Yb,Tm@mSiO,-NH,-DNA were observed to have good transfection efficiency
by flow cytometry. It is expected that this work will provide a different method from the traditional
adenovirus method and improve the immune response and side effects caused by adenovirus.

light and can be used as a non-invasive treatment. UCNPs can
be excited by the high penetration depth of NIR light; also, they

is a popular possess a low-autofluorescence background®** and high

research field because nanocrystals exhibit unique properties;
they can convert low-energy near-infrared (NIR) light to high-
energy visible light,’* particularly when the nanocrystals are
doped with sensitizers and activators. The sensitizers can
absorb the NIR light, and the energy is transferred to the acti-
vators.®® NIR light has better penetration depth than visible
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biocompatibility"** for various biological applications.">™
One of the most advanced technologies in neuroscience,
optogenetics combines optical and genetic techniques.”*?*
Using this technique, a light can be used to control a single
neuron cell. Optogenetics technology can be spatially regulated
to single-cell size and millisecond-level precision, unlike
current techniques that only use voltage and current to control
the neuron membrane potential. For example, during the
process of isolation of light-sensitive ion channel proteins from
cyanobacteria,”*?® ion channel channelrhodopsin-2 (ChR2)
dominates through blue light at the 470 nm band. However,
visible light cannot attain the required penetration depth to
achieve non-invasive isolation. Therefore, it is necessary to
implant an invasive fiber as a light source to excite the channel
proteins. However, the installation of most invasive systems is
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highly complex. Therefore, the visible-light penetration depth
problem should be resolved. Nanoparticles with special features
provide opportunities and challenges. The nanoparticles
currently in clinical trials represent promising non-invasive
technology for appropriate applications (e.g., thermal heat-
ing® and DNA carriers*’) and can provide better penetration
ability than visible light.**** However, NIR cannot regulate
light-sensitive channel proteins. Therefore, we developed
nanocrystals that can convert NIR light into blue light to isolate
channel proteins using a non-invasive method.

Most DNA transfection methods use liposomes or nano-
particles as a vector. After the DNA is delivered into the cell, the
liposome or nanoparticle has no effect. However, we used
UCNPs as a vector to carry DNA with ChR2 (a channel protein)
into the cell. When the DNA is successfully transfected, a light-
sensitive protein ion channel will be formed on the cell
membrane. When irradiated with 808 nm NIR light, the UCNPs
will emit blue light, causing ChR2 on the cell membrane to be
stimulated by blue light to open non-specific cation channels,
causing cell depolarization.**?¢

NaYF, is the main body of a common upconversion nano-
particle matrix material; it has two different NaYF, phase
structures (hexagonal phase (B-phase) and cubic phase (o-
phase)). The different phases of the UCNPs can be switched by
annealing between the cubic phase and the hexagonal phase.
Hexagonal NaYF,-based upconversion nanocrystals with sensi-
tizers and activators are doped into the host to achieve efficient
photon upconversion.*** We used X-ray diffraction (XRD) and
transmission electron microscopy (TEM) to identify the struc-
ture of the particle; it is a hexagonal phase structure. Yb** is
commonly selected as a sensitizer to absorb the excitation
energy from NIR light. Finally, the energy is transferred to the
activator through the energy transfer upconversion method.*®
Theoretically, increasing the sensitizer concentration can
enhance the absorption of energy from the excitation source,
thus increasing the fluorescence intensity. However, with
increasing Yb*" concentration, the size of the nanocrystals can
increase to 100 nm. Because of the nucleation rate,"* the Yb*"
concentration-induced increase in the size of the nanocrystals
hinders the upconversion of the nanocrystals. Therefore, small-
sized UCNPs with excellent lifetimes are preferred, especially in
the optogenetics field. The coprecipitation method is a typical
treatment to obtain various morphologies and particle sizes in
different organic solvents. This method is suitable to synthesize
NaYF, rare-earth inorganic materials with different ion
concentrations.***> NaYF, nanocrystals are synthesized using
the coprecipitation method in organic solvents. Thus, the
surface of the nanocrystals is covered by hydrophobic groups
(such as oleic acid and 1-octadecene), which restrict their
optogenetic and cell applications.

Surface hydrophilic modification is necessary before bio-
logical application, and nanocrystal stability is crucial. The use
of mesoporous silica-coated lanthanide-doped upconversion
nanoparticles (UCNP@mSiO,) results in simultaneous gene
delivery and optogenetic application of nanocomposites.*®*”
This improves the surface properties of the nanocomposites for
functionalization, bioconjugation, and dispersibility in water.*®
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Mesoporous silica with monodispersed sizes, uniform shapes,
and high biocompatibility can minimize fluorescence quench-
ing with surface absorbent organic ligands.*®

After Yb** absorbs 980 nm near-infrared light, it uses energy
conversion to cause Tm®" to absorb energy and emit blue light.
Photoluminescence spectrometry (PL) and UV/Vis spectropho-
tometry (UV-Vis) are used to observe the influence of the light
emission spectra and absorption spectra of mesoporous silica-
coated lanthanide-doped upconversion nanoparticles.

Jie Yu's research team systematically studied the biological
distribution, excretion, and toxicity of PEI@UCNPs through
different administration routes. Intravenous injection of
PEI@UCNPs is mainly concentrated in the spleen, and its
excretion rate is slower than those of other organs; meanwhile,
after intramuscular injection of PEI@UCNPs, the UCNPs are
continuously removed from the liver and spleen within 30 days.
This study shows that PEI@UCNPs have low toxicity, reduced
accumulation in the RES (reticuloendothelial system), and
gradual excretion through feces after intravenous injection. In
terms of stability testing, PEI@UCNPs were shaken at 37 °C for
24 h, and no change in the crystal phase was observed. There-
fore, it was concluded that PEI@UCNPs have good stability in
the physiological environment.*

Currently, the most popular means of delivering opto-
genetics tools is viral vectors.”®> When the virus successfully
transfects the target cell, the light-sensitive channel protein is
expressed. However, one serious problem with adenovirus
transfection is the immune response in the body, which will
eliminate the virus-infected cells, resulting in relatively short
gene expression. Therefore, when an organism needs to express
a specific gene, a very large amount of adenovirus must be
transfected, which is highly likely to cause a serious inflam-
matory reaction or side effect.”® Compared with viral systems,
non-viral systems show the advantages of low toxicity, low
immunogenicity, and the ability to deliver larger DNA frag-
ments multiple times. However, improving transfection effi-
ciency is a substantial challenge for non-viral transfection
vectors.*>*> Owing to these factors, non-viral transfection is
currently popular. However, transfection efficiency is a great
challenge to non-viral transfection vectors.

In this study, we systemically report the fluorescence
mechanisms of various rare-earth ion molar ratios. The details
of the sizes and morphologies of the synthesized single crystals
of PB-NaYF, were verified through transmission -electron
microscopy (TEM) with selected area diffraction. The perfor-
mance of single-crystal B-NaYF, was examined. Additionally,
mesoporous silica and amino groups were synthesized for
application in optogenetics in the future; NaYFg:-
Yb,Tm@mSiO,-NH, upconversion nanoparticles were used and
correlated with pcDNA3.1/hChR2(H134R)-mCherry. Biocom-
patibility in the primary cell was examined using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
method, and the efficiency of the DNA-UCNPs delivery system in
primary cells was studied through fluorescence microscopy and
flow cytometry. The current research demonstrates the poten-
tial of UCNPs to deliver DNA safely and efficiently.

This journal is © The Royal Society of Chemistry 2020
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Materials and methods

Materials

Yttrium(m) acetate hydrate (99.9%, ALFA Aesar), ytterbium/(im)
acetate hydrate (99.9%, ALFA Aesar), thulium(in) acetate hydrate
(99.9%, ALFA Aesar), oleic acid (90%, Sigma-Aldrich), 1-octa-
decene (90%, ACROS), ammonium fluoride (98%, Merck),
sodium hydroxide (98%, Merck), cyclohexane (99%, JT Baker),
tetraethyl orthosilicate (99.0%, Sigma-Aldrich), methanol
(99.9%, Fisher), hexadecyltrimethylammonium chloride
(=98.0%, Sigma-Aldrich), hydrochloric acid (37%, Sigma-
Aldrich), polyethylenimine (branched, M,, 70 000, 30% w/v
ag., Polysciences), phosphate buffered saline (powder, pH 7.4,
Sigma-Aldrich), trypsin-EDTA (0.5%, no phenol red, Thermo
Fisher Scientific), and ethanol (99.5%, Sigma-Aldrich) were used
in the experiments. All chemicals were of analytical grade and
were used as received without further purification.

Synthesis of NaYF,:Yb,Tm as a core structure

Core UCNPs were synthesized using the coprecipitation
method. In this study, 4 mL aqueous solution containing
yttrium acetate hydrate (88%), ytterbium acetate hydrate (20%),
and thulium acetate hydrate (2%) was mixed with oleic acid and
1-octadecene and stirred for 30 min. The mixture was heated to
150 °C for 1 h to form a yellow solution. After cooling the
solution, 2 mL of sodium hydroxide and 7.9 mL of ammonium
fluoride were added to the solution and stirred for 1 h. Then, the
solution was heated at 110 °C for 20 min to remove methanol.
Next, the solution was heated to 310 °C for 25 min under argon
atmosphere. Finally, the solution was collected through
centrifugation for 10 min and stocked in cyclohexane.

Synthesis of NaYF,:Yb,Tm@NaYF,:Yb,Nd as a core/shell
structure

Core/shell UCNPs were synthesized using the coprecipitation
method. In this study, 3.4 mL aqueous solution containing
yttrium acetate hydrate (88%), ytterbium acetate hydrate (20%),
and neodymium acetate hydrate (20%) was mixed with oleic
acid and 1-octadecene and stirred for 30 min. The mixture was
heated to 150 °C for 1 h. After cooling the solution, 1.7 mL of
sodium hydroxide, 6.8 mL of ammonium fluoride, and all
of NaYF,:Yb,Tm solution (around 230-240 ng) were added to
the solution and stirred for 1 h. Then, the solution was heated at
110 °C for 20 min to remove methanol. Next, the solution was
heated to 305 °C for 90 min under argon atmosphere. Finally,
the solution was collected through centrifugation for 10 min
and stocked in cyclohexane.

Synthesis of the mesoporous silica shell of the UCNPs

Mesoporous shells of the UCNPs were synthesized using tet-
raethyl orthosilicate (TEOS) and hexadecyltrimethylammonium
chloride (CTAC) as templates. UCNPs with cyclohexane (1 mL)
mixed with 8 mL CTAC (0.06 M) was stirred for 1 h. The solution
was heated to 80 °C for 30 min to remove cyclohexane and
sonicated for 30 min with 30 mL deionized water. The resultant

This journal is © The Royal Society of Chemistry 2020
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solution was mixed with 1.4 mL ethanol, and the pH value was
adjusted to pH 10 by adding ammonia water. TEOS was added
dropwise to the solution at 35 °C for 24 h. Finally, the solution
was collected through centrifugation at 10 000 rpm for 10 min
and stocked in deionized water. Hydrochloric acid was used to
remove the surfactant CTAC to form mesoporous silica shells,
and the as-synthesized UCNP@mSiO, (10 mg) was transferred
to 40 mL methanol containing 200 pL hydrochloric acid at 50 °C
for 24 h. Finally, the resultant solution was collected through
centrifugation at 10 000 rpm for 10 min and dispersed in
ethanol.

Synthesis of the amino groups of UCNP@mSiO,

UCNP@mSiO, was sonicated for 20 min with 20 mL ethanol.
2 mL of polyethylenimine was added, and the mixture was
heated to 80 °C for 3 h. Finally, the resultant solution was
collected through centrifugation at 10 000 rpm for 10 min and
dispersed in ethanol.

Synthesis of UCNP@mSiO,-NH,-DNA

UCNP@mSiO,-NH, and plasmid DNA were mixed in phosphate
buffered saline (PBS) (1 mg UCNPs per mL PBS) at different
ratios (w/w) at room temperature for 1 h.

Isolation of the primary cardiomyocytes

The hearts of new-born of Sprague-Dawley (SD) rats (about 2-3
days old) were removed. The hearts were placed in trypsin and
shaken at 80 rpm at 4 °C for 15-20 h. The trypsin was removed,
10% medium was added, and the mixture was shaken at 75 rpm
for 10 min at 37 °C. The medium was removed. HBSS containing
collagenase II was added and shaken for 1 minute. The cells were
pipetted and filtered with a filter, then centrifuged at 500 rpm at
4 °C for 5 min. 10% medium was added, and the cells were placed
in T75 flasks in a 37 °C incubator for 1 h. The cells were centri-
fuged at 500 rpm at 4 °C for 5 min. The supernatant was removed,
10% medium was added, the cells were counted, the cell concen-
tration was adjusted to about 2 x 10° cells per mL, and the cells
were added to a 24-well plate and placed in the 37 °C incubator.

Transfection of primary cells

PcDNA3.1/hChR2(H134R)-mCherry was used for the transfection of
cardiomyocyte cells with the amino-modified UCNPs. The trans-
fection of primary cells with the UCNP@mSiO,-NH,-DNA complex
solutions remained at the UCNPs/DNA weight ratio of 5 : 1 (w/w).
Transfection was cultured in an incubator with 5% CO, at 37 °C
for 48 h. At the end of the incubation, the cells were washed with
PBS. The cells were imaged immediately to determine the mCherry
fluorescence under a fluorescence microscope (Olympus).

Characterization

Field emission electron microscopy was conducted using
a JEOL 7401 field emission electron microscope at an acceler-
ation voltage of 5 kV. High-resolution TEM (HRTEM) was con-
ducted using a JEOL 2010 at an acceleration voltage of 200 kV.
Powder X-ray diffraction (XRD) data were recorded using

RSC Adv, 2020, 10, 41013-41021 | 41015
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a Bruker D8 Advance X-ray diffractometer with Cu ko radiation
(A =1.5406 A). The binding energy was analyzed using a Thermo
Fisher Scientific ESCALAB Xi" X-ray photon electron and Auger
electron spectroscope. UV-visible-near-infrared spectra were
measured using a ChromTech CT-2800 equipped with a Hitachi
F-7000 fluorescence spectrophotometer to record the upcon-
version fluorescence.

Cytotoxicity measurements

The in vitro cytotoxicities of UCNP@mSiO, were tested through
the MTT assay. Primary cardiac myoblast cells were seeded in 96-
well cell culture plates (4 x 10* cells per well). UCNP@mSiO,
concentrations of 1000, 750, 500, 250, and 0 pg mL~" in 100 pL
fresh medium were added to the wells, and the 96-well plate was
cultured in an incubator with 5% CO, at 37 °C for 48 h. After
washing with the previous solution, the MTT reagent (0.5 mg mL ™"
in 100 pL fresh medium) was added to the plate, which was
cultured for another 4 h in an incubator with 5% CO, at 37 °C.
Finally, the supernatant was removed and 100 uL dimethyl sulf-
oxide was added to the wells. The MTT absorbance (A = 570 nm) of
each well was measured by the reader. The cell metabolic activity
was computed using the optical contrast-to-control value.

Flow cytometry analysis

The cells after transfection were washed with PBS and trypsi-
nized by trypsin-EDTA, than centrifuged at 12 000 rpm. The
cellular transfection effectiveness of recombinant plasmid
pcDNA3.1/hChR2(H134R)-mCherry was quantified using flow
cytometry (ImageStreamX Mark II) under 561 nm at 200 mW.
Flow cytometry measurements were performed with an ISX
MKII using ISX500 software.

Data analysis

Data analysis was carried out using Microsoft® Excel and SPSS.
Statistical significance was determined using the paired sample
t-test, with P < 0.05 deemed significant.

Results and discussion

Preparation and characterization of B-NaYF, nanocrystals: in
order to examine the application possibilities of UCNPs in
optogenetics and biological imaging, oleic acid was used as
a stabilizer and was synthesized by the thermal co-precipitation
method to observe whether the NaYF,:Yb,Tm nanocrystals are
B-NaYF,:Yb,Tm with a pure hexagonal structure at different
Yb*" and Tm®" concentrations. The final products indicated
that the transfer of a-NaYF, (cubic phase) to B-NaYF, (hexagonal
phase) nanocrystals requires additional Na* and F~ ion doping
with high reaction temperature. Therefore, NaOH and NH,F
were used as precursors.

To verify the appropriate delta between the sensitizer and the
activator, we compared the intervals of the blue emission
intensities at different Yb** and Tm®" concentrations. The
intensity for 478 nm from NaYF,:Yb,Tm (20%/2%) increased 1.5
and 1.6 times from those of NaYF,Yb,Tm (15%/2%) and
NaYF,:Yb,Tm (25%/2%), respectively (Fig. 1). Fig. 1 shows the
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Fig. 1 Photoluminescence spectra of UCNPs with different Yb** and

Tm3* concentrations in cyclohexane under 980 nm excitation (1 W
—2

cm™9).

450 nm and 475 nm emissions resulting from the 'D, — °F,
and 'G, — *Hj, transitions, respectively. This was attributed to
the increase in the amount of the Tm*" doping, which led to
a serious cross-relaxation effect among the activators that
resulted in the collapse of the 450 nm and 475 nm emissions.

From the SEM results, it can be seen that when Y*' ion is
added to 88 mol% (Fig. 2a and b), the particle sizes and shapes
are uniform and the hexagonal edges of the nanocrystals appear
and sharpen. The luminous efficiency of this structure is much
higher than that of the cubic phase (a-phase). The size of the
particles will also affect the final light emission efficiency and
subsequent DNA transfection efficiency. The crystal size is
about 45 nm. After modification, nanoparticles of this size can
more easily enter the cell through endocytosis for transfection.
The crystal lattice of the nanoplates was revealed through
HRTEM to be hexagonal phase with the P6;/m space group and
interplanar spacings of 5.2 and 2.0 A, corresponding to the (100)
and (201) planes, respectively; this revealed the highly crystal-
line nature of the NaYF,:Yb,Tm nanocrystals (Fig. 2c). The
selection area electron diffraction (SAED) pattern (Fig. 2e) also

« T. (1p0)

Fig. 2 TEM images of (a and b) NaYF,4:Yb,Tm (88%/20%/2%) upcon-
version nanocrystals; (c) HRTEM image; SAED patterns of the (d)
aYF4:Yb,Tm (78%/20%/2%) upconversion nanocrystals and (e)
NaYF4:Yb, Tm (88%/20%/2%) upconversion nanocrystals.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Photoluminescence spectra of the two types of upconversion
nanoparticles under a 980 nm excitation wavelength laser for 3 h
(1.5 W cm™): (a) NaYF4:Yb, Tm (78%/20%/2%), (b) NaYF,:Yb, Tm (88%/
20%/2%).

confirmed the crystal structure. The SAED pattern illustrated
a regular arrangement of single crystals. Nanoparticles with
78% Y** were defined as polycrystalline (Fig. 2d). Thus,
upconversion nanoparticles can be synthesized with 88 mol% of
Y*" ion without impurity.

To compare the fluorescence of the crystalline and poly-
crystalline materials, we used a photoluminescence spectrom-
eter (PL) to record the patterns (Fig. 3). The results demonstrated
that the fluorescence of NaYF,:Yb,Tm (78%/20%/2%) decayed
considerably after 60 minute irradiation by a 980 nm diode laser
(Fig. 3a). In contrast, the fluorescence of NaYF,:Yb,Tm (88%/20%/
2%) did not decrease significantly after being irradiated with
a 980 nm diode laser for 180 min (Fig. 3b). It can be seen that high-
quality pure hexagonal NaYF,:Yb,Tm nanocrystals can extend the
luminous lifetime of UCNPs.

In order to effectively avoid the thermal damage caused by
the 980 nm NIR irradiation of the organism, the surface of the
NaYF,:Yb,Tm upconversion nanoparticles was coated with a layer
of neodymium (Nd) element in this experiment so that the
upconversion nanoparticles can be excited with an 808 nm laser to
reduce thermal damage. However, this method increased the
particle size of our upconversion nanoparticles to 95 nm. Fang Lu's
team confirmed that the uptake of cells with a particle size of
50 nm is about 5 times that of a carrier with a particle size of
100 nm.” Thus, large size is not conducive to subsequent trans-
fection efficiency. In the future, we hope to directly synthesize
NaYF,:Yb,Tm,Nd upconversion nanoparticles, which can not only
reduce thermal damage but also improve transfection efficiency.

The SEM observation of the NaYF,:Yb,Tm@NaYF,:Yb,Nd
upconversion nanoparticles showed a particle size of about 95 nm
(Fig. 4a and b) and hexagonal phase with the P6;/m space group
and interplanar spacings of 5.2 and 2.9 A, which correspond to the
(100) and (101) planes, respectively; this revealed the highly crys-
talline nature of the NaYF,:Yb,Tm@NaYF,:Yb,Nd upconversion
nanoparticles (Fig. 4c). The selection area electron diffraction
(SAED) pattern (Fig. 4d) also confirmed the crystal structure. The
SAED pattern illustrated a regular arrangement of single crystals.
Thus confirmed again that upconversion nanoparticles can be
synthesized with 88 mol% of Y*>" ion without impurity.

At present, there are three common modification methods
for upconversion nanoparticles: the silylation method of
coating the particle surface with a silica shell layer, the ligand

This journal is © The Royal Society of Chemistry 2020
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100nm

Fig. 4 SEM images of (a and b) the NaYF;:Yb,Tm@NaYF4:Yb,Nd
upconversion nanoparticles. TEM image (c) and HRTEM image (d) of
the NaYF4:Yb, Tm@NaYF,4:Yb,Nd upconversion nanoparticles with the
SAED pattern.

exchange modification of substituting oleic acid, and the
addition of other hydrophilic surface functional groups after
oleic acid can all modify hydrophobic particles into hydrophilic
particles, which can effectively reduce the surface quenching of
UCNPs and increase their biocompatibility. In this experiment,
we used surface modification to modify hydrophobic UCNPs
into hydrophilic UCNPs.>***

The mesoporous silica shell structure obtained by the sol-gel
two-phase transfer strategy via surfactant modification can be
obviously seen in Fig. 5. The oleic acid-capped NaYF, nanocrystal
cores reacted with CTAB and TEOS. The TEM observation of the
NaYF,:Yb,Tm@mSiO, upconversion nanoparticles shows
a particle size of about 50 nm (Fig. 5a), and the TEM observation of
the NaYF,:Yb,Tm@NaYF,:Yb,Nd@mSiO, upconversion nano-
particles shows a particle size of about 100 nm (Fig. 5b).

The nanosphere materials were successfully transferred
from organic to aqueous solutions. Images indicate that the
nanocrystals exhibit uniform distributions, sizes, and shapes.
The aggregation was attributed to the concentration of the
surfactant and the volume of TEOS. Furthermore, the decrease
of the CTAB concentration resulted in NaYF, nanocrystal
aggregation. However, after silication, the luminescence
decreased. Thus, the organic groups influenced the lumines-
cence intensity of the nanocrystals through photon relaxation.

P

Fig. 5 TEM images (a)
NaYF4:Yb,Tm@NaYF4.Yb,Nd@mS|OZ.

i hadie

NaYF4:Yb, Tm@msSiO,, (b)
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Fig. 6 XRD patterns of (a) NaYF4:Yb,Tm, (b) NaYF4:Yb,Tm@NaYF,:-
Yb,Nd, (c) NaYF4:Yb,Tm@NaYF4:Yb,Nd@mSiO,-NH,, and (d) hexag-
onal phase (JCPDS standard card no. 16-0334).

The crystal structure of NaYF, was determined through XRD.
The powder XRD patterns in Fig. 6 are consistent with JCPDS
card# 16-0334; this result proved that the diffraction patterns
indicated pure f-NaYF, hexagonal phase and no other impurity
diffraction peak. Therefore, it can be determined that the
upconversion nanoparticles synthesized in this way are all
single-crystal structures.

In addition, in order for the upconversion nanoparticles to
successfully link with DNA, we modified a layer of an amine
group on the outer layer of UCNP@SiO, to endow the surface of
the upconversion nanoparticles with a positive charge and
successfully link the negatively charged DNA. The element
composition of an amine group was measured through XPS
(Fig. 7). Also, XRD was used to confirm the crystal structures of
the upconversion nanoparticles with modified amine groups. It
can be confirmed from Fig. 6 that the modification process did
not affect the crystal structure of NaYF,.

We used zeta potential measurements to confirm the
potentials of the modified upconversion nanoparticles. From
Fig. 8a, we can see that the upconversion nanoparticles were
negatively charged after being modified on the silicon shell. After
modifying the amine groups, the positive charge of the mesoporous
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Fig. 7 XPS pattern of UCNP@mSIO,-PEI.
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Fig. 8 (a) Zeta potentials of 1. UCNP@SIO,, 2. UCNP@SIO,—-NH,, 3.
UCNP@mSIiO,-NH,, 4. DNA-UCNP, 5. DNA. The error bars indicate
means + S.D. (n = 4). (b) Gel electrophoresis of the DNA-UCNPs. 1.
DNA marker, 2. UCNPs/DNA prepared at a w/w ratio of 10: 2. 3.
UCNPs/DNA prepared at a w/w ratio of 10:3. 4. UCNPs/DNA
prepared at a w/w ratio of 10 : 4. 5. DNA (12 pl), 6. DNA (10 pl).

silica shell was higher than that of the silicon shell. In addition,
because DNA is negatively charged, UCNPs modified with DNA are
slightly negatively charged. As a result of the zeta potential
changing from a positive potential to a negative potential, it was
confirmed that DNA was successfully linked to the UCNPs.

Gel electrophoresis is affected by charge, molecular weight,
and isoelectric point. In the gel electrophoresis, as shown in
Fig. 8b, when the UCNPs/DNA ratio was 10 : 3 or 10 : 4 (w/w), there
were two bright bands in addition to the first bright band; we
judged these bands to be free circular DNA and supercoiled DNA,
which indicates that some DNA was not connected to the UCNPs.
When the UCNP/DNA ratio was 10:2 (w/w), these two bright
bands did not appear. We judged that no free DNA flowed out from
the sample well, and only DNA-UCNPs remained in the sample
well. Therefore, the optimal ratio of UCNPs/DNA is 10 : 2 (w/w).

In order to evaluate the transfection efficiency of the upcon-
version nanoparticles, we used a fluorescence microscope and flow
cytometry to observe transfection efficiency of the amino group
and plasmid DNA modifications in the mesoporous silica shell of
the particles. Channelrhodopsin-2 (ChR2) light-sensitive channel
protein is a membrane protein. Under microscopy, a layer of
membrane can be found around the periphery of cardiomyocytes
(Fig. 9d). pcDNA3.1/hChR2(H134R)-mCherry contains mCherry
fragments; thus, it will emit red fluorescence under microscopy.

By this result, it can be determined that the DNA successfully
entered the cells and was transfected. The results showed that
the mCherry signal from the DNA was detected in the primary
cells by fluorescence microscopy (Fig. 9b), indicating that the
DNA-UCNPs have transfection ability. From the results of the
flow cytometry (Fig. 9c), we can observe that the transfection
efficiency of NaYF,:Yb,Tm@mSiO,-NH,-DNA is very high.
Compared with traditional linear virus transfection, adenovirus
transfection efficiency is as high as 93% (Fig. 10). However,
DNA-UCNPs can also achieve 78% efficiency (Fig. 10). Therefore,
the current research proves that UCNPs are very effective in
delivering DNA safely and effectively. This is expected to replace
adenovirus transfection methods in the future.

It can be seen in Fig. 10 that the transfection efficiency of the
mesoporous silica shell of UCNPs is higher than that of the

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Primary cells after incubation with UCNP@mSiO,-NH,-DNA
for 48 h. (a) Bright field and (b) fluorescence microscope images, Aqx =
587 nm, and emissions were collected in the range of A = 610 nm. (c)
Transfection efficiency of UCNP@mSiO,-NH,-DNA through flow
cytometry. (d) High-magnification image of primary cells after
transfection.

silica shell of UCNPs. In addition, the transfection efficiency of
the NaYF,:Yb,Tm upconversion nanoparticles is also higher
than the larger NaYF,:Yb,Tm@NaYF,:Yb,Nd upconversion
nanoparticles. These results indicate the particle size and
whether the etching will affect the transfection efficiency of the
final upconversion nanoparticles.

To evaluate the possible cytotoxicity of UCNP@mSiO,, the
cell metabolic activity was verified using the MTT method in
primary cardiac myoblast cells; the results indicated that the
upconversion nanoparticles have lower cytotoxicity after modifica-
tion. The cell metabolic activity was not hindered by UCNP@mSiO,

100
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NaYFs:Yb, Tm NaYF::Yb, Tm@NaYF.::Yb,Nd

Fig. 10 Transfection efficiencies of (a) virus, (b) NaYF4:Yb, Tm@SiO,—

NH,-DNA,  (c)  NaYF4Yb,Tm@mSiO,-NH,-DNA, (d) NaYF4:-
Yb, Tm@NaYF4:Yb,Nd@SiO,—NH,-DNA, and (e) NaYF4:-
Yb,Tm@NaYF4:Yb,Nd@mSiO,-NH,-DNA. The error bars indicate

means + S.D. (n = 6). *: p < 0.05, **: p < 0.01.
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Fig. 11 Cell metabolic activities of UCNP@mMSIO,-NH, through the
MTT assay of primary cells. At all the test concentrations of UCNPs, the
cell metabolic activity is higher than 80%. The error bars indicate
means + S.D. (n = 8). *: p < 0.05, **: p < 0.01.

at high concentrations. The results depicted in Fig. 11 indicate that
the cell metabolic activities of different concentrations of
UCNP@mSIO, were more than 80% after incubation for 48 h,
which shows that UCNP@mSiO, has great biocompatibility at high
concentrations and long incubation times.

Conclusions

In this study, we used a user-friendly coprecipitation method
and increased the amount of Y** ion to 88 mol% to synthesize
high-quality pure hexagonal-phase NaYF, nanoparticles with
controllable shapes and strong fluorescence. B-NaYF, can not
only improve the luminous intensity of the upconversion
nanoparticles but can also effectively extend their luminous
lifetime. In order to effectively improve the biological applica-
tion of upconversion nanoparticles, modifying a silicon shell on
the surface of the upconversion nanoparticles not only effec-
tively improves the hydrophobicity of the upconversion nano-
particles but also endows them with good biocompatibility.

Upconversion nanoparticles modified with amine groups
can effectively bind to DNA, and DNA-UCNPs with smaller
particles have good transfection efficiency. The DNA-UCNPs we
developed provide an alternative method to the traditional
adenovirus for transfection and can provide the best UCNPs for
materials science and biology.
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