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Doxorubicin (Dox) is a chemotherapy medication used to treat cancer. Herein, we report a rapid and
efficient method for detecting Dox in vivo based on a NaGdF4:Yb>* Er¥**@NaYF, core/shell upconversion
nanoparticles (UCNPs) probe. We found that the intensity ratio of green to red emission (IGVRE) bands of
the core/shell NaGdF,:Yb** Er¥*@NaYF, nanoparticles was sensitive to Dox in blood samples, and drops

as the concentration of Dox increases. In addition, the proposed UCNPs probe possessed the advantage
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Accepted 17th May 2018 that no nanoparticles leaked into the living body, thus overcoming the intrinsic defect (difficulty in

removing UCNPs from blood vessels) of the fluorescence resonance energy transfer (FRET) approach.

DOI: 10.1039/c8ra02928h This proposed UCNP probe design and results may provide some guidance for the real-time and
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Introduction

Cancer treatment is a worldwide challenge. Doxorubicin, as one
of the most efficient anti-cancer drugs, has been commonly
used for cancer therapy."® Apart from the function of killing
cancer cells, the residual Dox in the human body will also cause
some unexpected damage,"* such as cardiotoxicity, liver
toxicity, and myelotoxicity. Thus, the rapid and precise detec-
tion of Dox in vivo becomes a significant challenge during
cancer treatment. At present, the high performance liquid
chromatography (HPLC) method™® is used to detect the
concentration of the anticancer agent. For example, Wang et al.
reported a UCNP based fluorescent biolabel for the detection of
carcinoembryonic antigen.® However, the HPLC method also
encounters some shortcomings in the sample pretreatment,
such as complex process,*** long detection cycle®* and low
sensitivity.”*** In addition, assessing the toxicity of cancer
drugs to biological tissues is very important>**~*® and valuable to
ensure the health of humans and other creatures.*®*>* In the
commonly used biodetection approach, the UCNPs usually
need to be injected into the living body, but it is hard to remove
from blood vessels, which can be considered as the intrinsic
defect of the fluorescence resonance energy transfer based
biodetection approach. Herein, we propose a feasible method
for the detection of Dox in vivo based on inorganic core-shells
on capillary glass tubes, which improved the detection rate and
accuracy for Dox sample analysis as well as real-time analysis.
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efficient detection of Dox, and can be helpful in biomedical applications.

In this study, the NaGdF,:Yb*' Er**@NaYF,; core/shell
upconversion nanoparticles, which can convert lower energy
infrared photons to higher energy visible-light photons, were
adsorbed onto the inner wall of a capillary glass tube to form
a Dox detection probe. This probe was linked with the optical
fibers for introducing the 980 nm infrared excitation light and
providing the emission light."*® The proposed probe can not
only accurately detect the concentration of doxorubicin in vivo,
but also avoids the leakage of the nanoparticles to the blood,
which is different from the previous detection method based on
fluorescence resonance energy transfer (FRET).>71»2%3

Experimental section

1 Reagents and chemicals

The reagents oleic acid (OA) (90%), octadecene (ODE) (90%),
NaOH (98%), NH,F (98%), methanol (99%), polyethylene glycol
(PEG) (90%), doxorubicin (Dox), LnCl;-6H,O0 (Ln = Gd/Y, Yb
and Er) (99.99%), C,H;OH (90%), cyclohexane (90%), capillary
glass tube (CGT) (outside diameter = 120 pm), Y-type optical
fiber, and polymethylmethacrylate (PMMA), were purchased
from Sigma-Aldrich. Deionized water was used to prepare
solutions. All other reagents were of AR grade and used directly
without further purification.

2 Synthesis

Upconversion nanoparticles were synthesized by a general sol-
vothermal method.? Briefly, 0.8 mL of LnCl; (0.4 mmol, Ln =
Gd/Y, Yb, and Er) aqueous solution was mixed with 15 mL of OA
and 15 mL of ODE in a three-neck round-bottom flask. The
resulting mixture was heated at 140 °C under argon flow for
30 min to form a clear light yellow solution. After cooling to
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60 °C, 5 mL methanol solution containing 0.074 g of NH,F and
0.05 g of NaOH was added and the solution was vigorously
stirred for 30 min. Then, the slurry was slowly heated and kept
at 110 °C for 10 min to remove methanol. Next, the reaction
mixture was protected with argon atmosphere, quickly heated
to 325 °C, and maintained at this temperature for one hour.
Finally, the reaction was cooled to room temperature naturally,
and the nanoparticles were collected with ethanol by centrifu-
gation at 8000 rpm for 5 min. The obtained precipitate was
washed with ethanol three times by centrifugation. The UCNPs
prepared by this method have excellent dispersibility, regular
morphology, controlled size, and good reproducibility.®***

Surface modification of OA-UCNPs with PEG. The surface
modification with PEG was conducted according to previous
protocols with slight modification. In brief, 500 pL stock
cyclohexane solution of NaGdF,:Yb*",Er*’@NaYF, core/shell
nanoparticles in oleic acid was added to ethanol and acetic
acid aqueous solution (3 v/v%) and left undisturbed for 30 min.
Subsequently, the nanoparticles were precipitated by centrifu-
gation at 3500 rpm, and the supernatant was discarded. The
collected nanoparticles were dispersed in aqueous solution with
a drop (~0.3 mL) of PEG.” Then, the precipitate was separated
by centrifugation after vigorous stirring for 1 hour at 26 °C,
rinsed with ethanol three times to remove the unreacted PEG,
and readily dissolved in water. The prepared solution was
filtered through a 0.22 pm syringe filter to remove larger
aggregates. PEG-UCNPs were thus formed.

Model of UCNPs@CGT. The proposed probe exhibits triple
layered configuration. The optical fiber comprises the core,
which is covered by the core-shell UCNPs and the capillary glass
tube, in sequence. The UCNPs were absorbed in the inner
surface of the capillary glass tube by the capillary action. First,
the capillary glass tube was immersed in the UCNPs solution for
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a few seconds to adsorb some amount of UCNPs solution by
capillary action. Then, the solvent was evaporated, due to which
the nanoparticles attached to the inner surface of the capillary
glass tube. This procedure was repeated several times to form
a close layer of the UCNPs. This operation was repeated three
times. PMMA blocked one end of the capillary glass tube.
Finally, as shown in the inset of Fig. 4, the UCNPs are dispersed
homogeneously in CGT and can emit visible-light radiation
under the excitation of a 980 nm laser diode.

Detection of Dox by the UCNPs@CGT probe. Dox in blood
was detected by the proposed UCNPs@CGT probe. For this
procedure, we used a y-type optical fiber. The two pronged ports
of the y-type optical fiber connected with the 980 nm laser diode
and the fluorescence spectrum detection instrument, while the
other single port connected with the UCNPs probe. We injected
this probe into the blood vessel of the living mice, and detected
the concentration of Dox based on the band overlap between the
absorption of Dox and the emission of NaGdF,:-
Yb*' Er’*@NaYF, by the ratio of green to red emission band
intensity in fluorescence spectra.

3 Characterization

The crystal morphology and size of the as-prepared nanocrystals
were examined with an H-7650C transmission electron micro-
scope (TEM), with a tungsten filament at an accelerating voltage
of 80 kV. High resolution transmission electron microscopy
(HRTEM) images were obtained on a JEM-3010 transmission
electron microscope operated at 200 kv. The EDS spectra were
measured by an Oxford Energy Dispersive Spectrometer. The
upconversion luminescence emission spectra were recorded on
a Hitachi F-2700 fluorescence spectrophotometer, coupled with
a NIR 980 nm laser as the power source. All measurements were
carefully carried out at room temperature.

Fig.1 (a and b) TEM images of NaGdF,:18% Yb**,2%Er**@NaYF, core/shell nanoparticles. (c) The corresponding high-resolution TEM images.
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Result and discussion

The size and morphology of the as-synthesized upconversion
nanoparticles were characterized by the TEM and HRTEM. It
can be observed from Fig. 1(a) and (b) that the NaGdF,:-
Yb**Er**@NaYF, nanoparticles have a clear core/shell config-
uration and possess an average diameter of 32 nm, typical
hexagonal crystal facets and good crystallinity. From the
HRTEM image (Fig. 1(c)), the lattice fringes can be clearly
distinguished on an individual particle, and the distances
between the lattice fringes were measured to be 0.32 nm along
the (0001) orientation in the core and shell.

The composition of the core and the shell were determined
by the energy dispersive spectrum (EDS) (Fig. 2). The EDS
analysis showed that the lanthanide elements Gd, Yb, Er and Y
were co-doped in the NaF crystal to form the NaGdF,:-
Yb**Er**@NaYF, core/shell upconversion nanoparticles, which
was also supported by the TEM characterization and the
upconversion emission spectrum under 980 nm excitation,
which will be discussed further. It is clear from Table 1 that the
concentration of Gd element in the core area is more than two
times that in the shell area. The core-shell nanoparticle is so
small that it is hard to precisely select an area only located at the
shell for EDS (see Fig. 2). As a result, the signal of the element
Gd arises in the energy dispersive spectrum. In addition, the
NaGdF,:Yb*" Er** core was fully covered by the NaYF, shell.
Thus, it is inevitable that the EDS signal of element Yb arises in
the designated core area.

It can be easily concluded from the X-ray diffraction (XRD)
spectrum in Fig. 3 that the NaGdF,:Yb*",Er**@NaYF, core/shell
nanoparticles possess the hexagonal crystal phase, which agrees
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Fig. 2 Energy dispersive spectrum (EDS) of NaGdF4:Yb** Er¥*@NaYF,
core/shell nanoparticles.
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Fig. 3 XRD spectrum of NaGdF4:18% Yb®* 2%Er**@NaYF, core/shell
particles.
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with the result obtained through HRTEM in Fig. 1. The
upconversion  fluorescence  spectrum  of  NaGdFg:-
Yb*" Er**@NaYF, core/shell and bare NaGdF:18% Yb*",2%Er*"
nanoparticles in CGT under the 980 nm laser excitation are
shown in Fig. 4. The emission bands can be easily assigned to
the transitions within the 4f-4f levels of the Er’* ions. The
spectra of the NaGdF,:Yb*',Er**@ NaYF, core/shell nano-
particles exhibits three distinct emission bands from Er** ions
that are centered at 408 nm, 540 nm, and 658 nm, corre-
sponding to emission levels *Hoy,, “S3/2, and *Fyy,, respectively.
The luminescence appears green to naked eye due to the
combination of weak violet, intense green and weak red emis-
sions from the Er*" ion.

The possible upconversion excitation and emission pathways
between the Er**/Yb®" ions have been well-known. In the case of
NaGdF,:18%Yb**,2%Er’*", an initial energy transfer from an Yb**
ion in the *Fs,, state to an Er** ion populates the I, level of the
Er*" ion. A second 980 nm photon or energy transfer from an Yb**
ion to the Er*" ion can then populate the *F,/, level of the Er** ion.

—— NaGdF:Yb* Er*@NaYF,
= NaGdF,:Yb3* Ers*
5
8 = -
Z
Z ]
=
=
/J\ /\ e
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Fig. 4 Room temperature upconversion emission spectrum of core/
shell NaGdF4:18% Yb**,2%Er**@NaYF, and bare NaGdF,:18% Yb**,2%
Er®* nanoparticles. The inset: the photograph of core/shell UCNPs
dispersed in CGT under the 0.08 W cm™2 laser power at 980 nm
excitation.
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Table 1 The element distribution determined by EDS

F Cl Na Y Gd Yb Er

Site 1. elements (at%)

76.7 0.2 10.0 10.1 1.9 1.1 0.0
Site 2. elements (at%)
76.3 0.2 8.2 9.8 4.1 1.4 0.0

The electrons in the “F,, level of Er*" ion can relax non-
radiatively (without emission of photons) to the S, levels to
generate green emissions by the transition S;, — *I;5/,. Alter-
natively, the Er*" ion can further relax and populate the *Fy), level,
leading to the red emission from the transition *Fy, — *I;5/,. The
*Fy,, level may also be populated from the 1,3, level of the Er**
ion by absorption of a 980 nm photon or energy transfer from an
Yb*" ion, with the “I, 5, state being initially populated via the non-
radiative *I,;,, — I3, relaxation.

The detection mechanisms of Dox were investigated based
on the fluorescence and absorption spectra and the intensity
ratio of green to red emissions in Fig. 5. As can be clearly seen,
the main absorption band of doxorubicin overlaps with the
green light of the NaGdF,:18% Yb*", 2%Er**@NaYF, core/shell
particles. Thus, the green emission of UCNPs can be efficiently
absorbed by Dox. It is noted that Dox can also absorb red
emission, but with a lower absorption efficiency. The fluores-
cence spectra were normalized by the red emission peak.***
This band overlap can be used for Dox detection.

Furthermore, the detection of doxorubicin in mice blood was
investigated. Healthy mice were injected with different concen-
trations of doxorubicin (0 ug mL™*, 20 ug mL ™", 50 pg mL™*, 70
png mL™Y, and 100 pg mL™Y). The as-prepared UCNPs@CGT
bioprobe was inserted into the mice through one port of the y-
type optical fiber, and the other two ports were connected to
a 980 nm laser and a fluorescence spectrometer. This approach
provided real-time detection of Dox. We can clearly see in Fig. 5
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that as the concentration of doxorubicin increased from 0 ng
mL ™" to 100 pg mL™ ", the upconversion fluorescence intensity of
green-to-red emission decreased linearly. At the same time, we
can see that with the increase in the concentration of doxoru-
bicin, the emission peak of the green light shifted from the
original 540 nm to 524 nm along with an increase in the peak
height. This can be explained by the collective influence of Dox
and blood absorption. Blood containing Dox presents a remark-
able absorption peak at ~540 nm, which is relatively weak at
524 nm (without Dox). Thus, the increase in Dox content leads to
the decrease in overall intensity of green light, while the constant
absorption of light by blood gradually plays a more important
role for tuning the shape of green emission peaks of the probe. As
a result, it is observed that the green peak shifts from 540 to
524 nm due to the coexistence of Dox and blood absorptions.
These observations revealed that the absorption efficiency of
Dox for the emission from the S;), state is much higher than that
from the ®H,,,, state. The IGVRE for different concentrations of
Dox is shown in Fig. 5(b), from which it can be concluded that
during the detection of Dox ranging from 0-100 pg mL ™", the real
detection results fluctuate mildly around the black dot (the
average value), and the overall measurement errors (absolute
value) were below 3.5%. It can be seen that when Dox was not
injected into mice, the detection results showed quite a small
error of about —0.16-0.14%. Thus, the tested environment
showed negligible influence on the emission behavior of the
proposed fluorescent probe. However, when Dox was injected
into mice, the tested environment encountered by the fluorescent
probe will be changed. Then, the emission behavior will be
modulated due to the spectrum overlap. When the concentration
of Dox increased to 20 pg mL ™", the real detection results showed
a measurement error of —1.99-1.95%, which was larger than that
without Dox. This error was probably attributed to the dynamic
metabolism and residue of Dox. With the further increase in Dox
concentration, the overall measurement errors were all below
3.5%. These results indicated that the proposed detection
approach can be employed for Dox detection in vivo. It also shows

b
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Fig. 5 (a) Room-temperature upconversion fluorescence spectra of NaGdF,:18% Yb®* 2%Er**@NaYF, core/shell particles with different
concentrations of doxorubicin (0 pg mL™, 20 pg mL™%, 50 pg mL™%, 70 ug mL™%, and 100 pg mL™%) under the 980 nm excitation with power
intensity of 0.08 W cm™2 simultaneously. The inset shows the absorption spectrum of doxorubicin. (b) The ratio of simultaneous green and red

emission intensity.
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Fig. 6 (a) Evolution of the fluorescence intensity of core/shell UCNPs with the same concentration at different time points under 980 nm-
excitation with power intensity of 0.08 W cm™2. (b) The ratio of green and red emission intensity at the different time points.

that the repeatability of the detection method is very good. This detection of Dox in living mice after 2 mL solution of 100 pg
simple Dox detection mechanism can be considered as the mL ™' Dox was injected, as shown in Fig. 6(a). The fluorescence
radiation energy absorption between Dox and the NaGdF,:- spectra were normalized by the red emission peak. After 15 min
Yb**,Er** @NaYF, core/shell nanoparticles. post-injection, Dox began to act on living cells. The ratio

The above discussion mainly focused on detecting the between the 524 nm green emission and the 658 nm red
concentration of Dox in vivo. Next, we studied the continuous emission is very small, indicating high Dox concentration. After
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Fig.7 UC luminescence spectra of NaGdF4:18% Yb**, 2%Er**@NaYF, core/shell particles in the with different concentrations of Dox. (a) 20 ug mL™%
(b) 50 pg mL™%; () 70 pg mL™%; (d) 100 pg mL~t at 980 nm-excitation under different laser powers.
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30 min, the red-to-green emission ratio increased slightly,
revealing a decreased concentration of doxorubicin. However,
one hour after the injection, the red-green emission ratio
increased rapidly, and the green emission center shifted from
the original 524 nm to 540 nm. This indicates that a large
amount of doxorubicin was decomposed or eliminated from the
body after one hour post-injection. In the next 3-8 hours, the
fluorescence intensity increased slowly and nearly plateaued.
This proved that the anti-tumor drug is highly degradable. In
addition, it can be seen in Fig. 6(b) that the IGVRE increased
quickly in the first 1 h, which indicated that the metabolism of
Dox was quite apparent in the first hour. In addition, the
measurement errors were also noteworthy (about 2.3-4.8%).
This can be explained by the dynamic metabolism and residual
Dox. The variation in IGVRE increased gently after 1-8 h post
Dox injection. Thus, the measurement error turned to be
smaller and more stable, with a range of around 2%, which
corresponds to a stable metabolism and residue of Dox. After
24 h, the IGVRE reaches a high average value of about 0.61,
which was quite close to the IGVRE of 0.65 in the above analysis
with no Dox injection. This result indicated that very a small
amount of Dox remains in the mouse body after 24 h post-
injection, and the measurement error was lowered to —0.62—
0.57%, which was in agreement with the former discussion.
This can be considered as an opposite process to the discussion
and phenomenon observed in Fig. 5(a). Thus, the overall
recovered green emission and the slight peak shift from 524 to
540 nm confirmed the excretion of Dox. Under the same
conditions, for a large number of detections, the intensity ratio
changes within five percent of the original values.

In order to investigate the upconversion luminescence
mechanism in this Dox-UCNPs composite system, the excitation
power dependence of green and red emission bands were
measured, as shown in Fig. 7. The integral UCL intensity for
both red and green emission of the core-shell nanoparticles
composite with different concentrations of Dox increased when
the incident laser power was enhanced (Fig. 7(a)-(d)). It is clear
that the red emission centered at 658 nm and the green emis-
sion centered at 540 nm from the Er’" ions belong to the two
photon upconversion processes. Upconversion emission
intensities of the NaGdF,:18%Yb*",2% Er’" nanoparticles
demonstrated quadratic power dependencies at low excitation
densities. It seems that two photon upconversion processes
were involved in the 658 nm red and 540 nm green emissions.

Subsequently, we demonstrate that this detection method is
clearly different from the technique involving the direct usage
of green and red light beams. As demonstrated in Fig. 8(a), it is
clear that in case of the as-prepared UCNPs probe irrespective of
the depth of the injection, the collected emission light has
constant intensity. This is because the emission depended only
on the length of the UCNPs in the probe tube and was inde-
pendent of the injection depth of the probe. As long as the
UCNPs probe is fully inserted into the blood vessel of the living
mice, any further injection depth will not change the emission
spectrum of the UCNP. This position independence provided
some advantages, such as low detection error. However, the
findings are completely different when the green and red
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Fig. 8 Comparison of residual detection of doxorubicin using
a UCNPs probe with that using conventional methods. (a) UCNPs
probe insertion into blood vessels at 0.15 mm (b) the traditional
method was used to detect Dox insertion into blood vessels at 0.15
mm. (c) The traditional method was used to detect Dox insertion into
blood vessels at 0.25 mm.

detection beams were directly used (Fig. 8(b) and (c)). The
intensity collected is highly dependent on the injecting depth,
thus leading to intrinsic deviation. As a result, the model
demonstrated in this study is a viable and efficient system for
rapid and precise detection of Dox in vivo.

Conclusions

In conclusion, core-shell NaGdF,:Yb*'Er**@NaYF, nano-
particles were synthesized by the solvothermal method. These
core-shell NaGdF,:Yb*",Er**@NaYF, nanoparticle exhibited
green and red upconversion luminescence under the excitation
power density of a single wavelength infrared light source (980
nm). We found that the intensity ratio of green and red emis-
sion bands of the core/shell NaGdF,:Yb*" Er**@NaYF, nano-
particles were sensitive to the concentration of Dox in the blood
and showed an almost linear relationship, so that the content of
Dox can be accordingly controlled. A high-precision and real-
time probe was fabricated based on upconversion nano-
particles for detecting Dox. This probe can not only accurately
detect the concentration of doxorubicin in animal blood, but
also assess the anti-cancer drug on human cell cytotoxicity.
More importantly, based on this proposed detection approach,
the problem of difficult excretion of nanoparticles from the
living body and the leakage of the nanoparticles in blood, as
reported for the previous fluorescence resonance energy trans-
fer method, can be efficiently avoided. The as-fabricated probe
is reusable and inexpensive with simple operation and real-time
rapid detection. We expect this UCNPs probe to open up new
situations for medical testing and cytotoxicity assessment.

This journal is © The Royal Society of Chemistry 2018
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