
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 6
/1

0/
20

26
 1

0:
51

:3
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Core@shell Fe3O
College of Chemistry & Environment Pr

University, Chengdu 610041, China. E-mail:

Cite this: RSC Adv., 2017, 7, 37929

Received 6th July 2017
Accepted 26th July 2017

DOI: 10.1039/c7ra07460c

rsc.li/rsc-advances

This journal is © The Royal Society of C
4@Mn2+-doped NaYF4:Yb/Tm
nanoparticles for triple-modality T1/T2-weighted
MRI and NIR-to-NIR upconversion luminescence
imaging agents
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Core@shell structures of Fe3O4@Mn2+-dopedNaYF4:Yb/Tmnanoparticles (NPs) withmultifunctional properties

were prepared using a hydrothermal route with a seed-growth procedure. The effect of Mn2+ ions on the

phase, shape, and upconversion luminescence (UCL) of Fe3O4@Mn2+-doped NaYF4:Yb/Tm NPs was

explored using X-ray diffraction, transmission electron microscopy, dynamic light scattering, and

photoluminescence spectroscopy. Furthermore, hydrophobic to hydrophilic surface modification of the

Fe3O4@Mn2+-doped NaYF4:Yb/Tm NPs was achieved by coating the NPs with an amphiphilic polymer

(poly(maleic anhydride-alt-1-octadecene) (C18PMH)) modified with amine-functionalized methyl ether

poly(ethylene glycol). Then, the NIR-to-NIR UCL ascribed to the Tm3+ ions, T1-weighted MRI ascribed to the

Mn2+ ions, and T2-weighted MRI ascribed to the Fe3O4 core of the hydrophilic Fe3O4@Mn2+-doped

NaYF4:Yb/Tm NPs were evaluated. The results indicate that Mn2+ doping is an effective method to control

the size/shape and improve the UCL intensity of Fe3O4@Mn2+-doped NaYF4:Yb/Tm NPs, which are

promising as imaging agents for NIR-to-NIR UCL and T1/T2-weighted MRI in biomedical research.
1. Introduction

Multimodal imaging using functional nanoparticles (NPs) is
receiving considerable attention because it can combine the
advantages of different imaging modes and improve the effi-
ciency of diagnosis and research.1–3 Bifunctional magnetic and
luminescent nanomaterials have received considerable atten-
tion for multimodal imaging because they provide high
sensitivity/resolution uorescence imaging, and non-invasive
and high spatial resolution magnetic resonance imaging
(MRI) for real-time monitoring.4–7

Among the various luminescent materials, lanthanide-doped
upconversion nanoparticles (UCNPs), which can convert long
wavelength near-infrared (NIR) radiation into a visible or NIR
emission through an upconversion process, have received
a growing amount of interest. Lanthanide-doped UCNPs exhibit
higher signal-to-noise ratios, deeper tissue penetration, and lower
photodamage than conventional luminescent probes, rendering
them ideal for use as luminescent probes in bioimaging.8–14

UCNPs based on NIR-to-NIR emission are more suitable for
upconversion optical bioimaging because the biological trans-
parent window is located at 700–1000 nm.3,15–17 Tm-Doped UCNPs
have attracted particular interest because they can emit NIR light
otection Engineering, Southwest Minzu

polymerzf@swun.cn; yangst@pku.edu.cn

hemistry 2017
at approximately 800 nm under 980 nm excitation.3,15–17 However,
the application of UCNPs is still restricted because of their low
upconversion luminescence (UCL) efficiency. Until now, co-
doping with non-lanthanide ions to tailor the local crystal eld
of the lanthanide ions has been regarded as an effective strategy to
improve the UCL efficiency.17–19 Mn2+ ions have been regarded as
promising doping ions for UCNPs because they provide a simul-
taneous enhancement of the upconversion emission and control
of the crystal phase/size.20–27

Based on the different roles that they play in imaging, MRI
contrast agents can be divided into two categories: T1-weighted
contrast agents and T2-weighted contrast agents.28–30 T1-weighted
MRI contrast agents make the tissue brighter than the
surrounding environment,28,31,32 whereas T2-weighted MRI
contrast agents make the contrast parts darker.28,33,34 Traditional
MRI using T1- or T2-weighted contrast agents has certain limita-
tions related to the renement of signals that originate from
artifacts (such as fat, calcication, hemorrhages, air) other than
diseased lesions.29,35 These agents complicate the image and, in
most cases, make it difficult to map the area of disease spread.
One of the solutions for this problem is to design a T1/T2 weighted
dual mode contrast agent that can provide more detailed patho-
logical information for the diagnosis and monitoring of cancer
treatment.28–30 Usually, paramagnetic compounds, such as Mn-
based coordination complexes and NPs, can be used as T1-
weighted contrast agents.36,37 Gu and co-workers conrmed that
RSC Adv., 2017, 7, 37929–37937 | 37929
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Scheme 1 Schematic representation of the formation of
Fe3O4@Mn2+-doped NaYF4:Yb/Tm NPs and their subsequent transfer
to water.
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Mn2+-doped NaYF4:Yb/Er UCNPs can be used as T1 mode contrast
agents.21 Generally speaking, T2-weighted MRI contrast agents are
based on superparamagnetic nanomaterials (e.g., Fe3O4), which
have large magnetization values.38,39 Consequently, the combina-
tion of Fe3O4 with the Mn2+-doped NaYF4:Yb/Tm system can
provide a simple strategy to construct the NIR-to-NIR UCL and
a binary T1/T2-weighted triple-modality imaging probe.

In the precious work, we applied a seed-growth procedure to
synthesize hydrophobic Fe3O4@Mn2+-doped NaYF4:Yb/Er
core@shell-structured NPs using oleic acid (OA)-coated Fe3O4

NPs as the seeds and core, these NPs can emit red UCL.8 In that
work, we proved that these core@shell-structured NPs can be ob-
tained by hydrothermal method.8 However, the luminescence
intensity of these Fe3O4@Mn2+-doped NaYF4:Yb/Er NPs in water
was signicantly reduced compared to the original hydrophobic
NPs when using a ligand exchangemethod, the quenching effect is
mainly caused by the nonradiative decay of the electronically
excited states of the dopant lanthanide ions caused by surface
ligands and watermolecules.8,40,41 It was found that compared with
the ligand exchange method, the amphiphilic polymer coating
method can maintain better UCL intensity ascribed to the pres-
ence of hydrophobic OA ligands in the later case, which could
hinder at least partly the direct access of water molecules to the
particle surface.40,41 Herein, we applied our reported method to
synthesize new hydrophobic Fe3O4@Mn2+-doped NaYF4:Yb/Tm
core@shell-structured NPs. The overall synthetic procedure is
illustrated in Scheme 1. The crystal phase andmorphology of these
UCNPs were tuned by doping Mn2+. Then, the hydrophobic
Fe3O4@Mn2+-doped NaYF4:Yb/Tm NPs could be transferred into
water aer coating them with a layer of amphiphilic poly(maleic
anhydride-alt-1-octadecene) (C18PMH) modied with amine-
functionalized methyl ether poly(ethylene glycol)
(C18PMH–mPEG). Finally, the obtained hydrophilic UCNPs were
used as contrast agents for NIR-to-NIR luminescent imaging and
T1/T2-weighted MRI.
2. Experimental
2.1. Materials

All chemicals were of analytical grade and used as received
without further purication. Deionized water was used
throughout. Yttrium nitrate hexahydrate (99.99% trace metals
37930 | RSC Adv., 2017, 7, 37929–37937
basis), ytterbium nitrate (99.99% trace metals basis), and thu-
lium(III) nitrate hexahydrate (99.9% trace metals basis) were
supplied by Best Chemical Reagent Co., Ltd. (Chengdu, China).
OA (technical grade, 98.0%), sodium uoride (reagent grade,
98.0%), sodium hydroxide (reagent grade, 96%), ethanol
(reagent grade, 99.7%), ferric trichloride hexahydrate (reagent
grade, 99.0%), and manganese dichloride tetrahydrate (reagent
grade, 98.0%) were supplied by Kelong Chemical Technology
Co., Ltd. (Chengdu, China). Toluene (reagent grade, 99.5%),
chloroform (reagent grade, 99.0%), and dichloromethane
(reagent grade, 99.0%) were purchased from Ruijinte Chemical
Technology Co., Ltd. (Tianjin, China). Ferrous sulfate heptahy-
drate (reagent grade, 99%) was supplied by Jinshan Chemical
Technology Co., Ltd. (Chengdu, China). Ammonia solution
(reagent grade, 28%) and triethylamine (TEA) were supplied by
Kelong Chemical Technology Co., Ltd. (Chengdu, China).
C18PMH was supplied by Sigma-Aldrich Co., LLC. (USA).
Methoxypolyethylene glycol amine (mPEG–NH2) was supplied
by Aladdin Company (Shanghai, China). 1-Ethyl-3-(3-
(dimethylamino)propyl) carbodiimide hydrochloride
(EDC$HCl) was obtained from Best Chemical Reagent Co., Ltd.
(Chengdu, China).

2.2. Synthesis of C18PMH–mPEG

In a typical procedure,42,43poly(maleic anhydride-alt-1-octade-
cene) (10 mg, 0.0286 mmol, C18PMH) was reacted with
methoxypolyethylene glycol amine (142.85 mg, 0.0286 mmol,
mPEG–NH2 5 kDa) in 10 mL of CH2Cl2/TEA (9 : 1, v/v) for 2 h at
room temperature. Then, EDC$HCl (10.9 mg, 0.055 mmol) was
added, and the solution was stirring for another 24 h. The
resulting polymer was dialyzed against ultrapure water through
a dialysis membrane (molecular weight cut-off of 8000–14 000)
for 2 days. Finally, the C18PMH–mPEG powders were obtained
by lyophilization. 1H NMR (400 MHz, CDCl3) d: 3.7–3.4 (m, br,
CH2 of mPEG), 1.3–1.0 (m, CH2 of C18PMH), 1.65 ppm (s, br, CH
of C18PMH), 0.88 ppm (m, br, CH3 of C18PMH).

2.3. Synthesis of OA coated Fe3O4@Mn2+-doped NaYF4:Yb/
Tm NPs

First, the hydrophobic OA-coated Fe3O4 NPs were prepared
according to our previously reported procedure44 and then
dispersed in toluene for use in the next step. The as-prepared OA–
Fe3O4 NPs were used as seeds and covered with an NIR shell using
a facile hydrothermal method, which was similar to the prepara-
tion of Mn2+-doped NaYF4:Yb/Er NPs.8 Fe3O4@NaYF4:18% Yb/2%
Tm/x Mn (x ¼ 0, 20, 30, 40, and 50 mol%) UCNPs were prepared
using a hydrothermal method with OA as a capping ligand. In
a typical procedure, Fe3O4@NaYF4:18% Yb/2% Tm/40% Mn NPs
(as an example), 3.135 mL of 0.5 M MnCl2, 3.135 mL of 0.5 M
Y(NO3)3, 3.53 mL of 0.2 M Yb(NO3)3, and 0.41 mL of a 0.2 M
Tm(NO3)3 aqueous solution were added to a mixture of NaOH
(1.164 g), 5.88 mL toluene dispersion of OA coated Fe3O4

(5 mg mL�1), OA (19.58 mL), and ethanol (39.16 mL) under
stirring. Then, 7.83 mL of deionized water containing
18.5 mmol NaF was added dropwise into the mixture. Aer
vigorous stirring at room temperature for 30 min, the colloidal
This journal is © The Royal Society of Chemistry 2017
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solution was transferred into a 100 mL Teon-lined autoclave,
which was sealed and heated at 200 �C for 8 h; then, the mixture
was cooled to room temperature. The nal product was
collected using magnetic separation and then washed several
times with ethanol and deionized water. Finally, the obtained
OA–Fe3O4@NaYF4:18% Yb/2% Tm/40%Mn NPs were dispersed
in chloroform.

2.4. Synthesis of C18PMH–mPEG coated Fe3O4@40% Mn2+-
doped NaYF4:Yb/Tm NPs

The synthesis of mPEG–Fe3O4@NaYF4:18% Yb/2% Tm/40%Mn
NPs was performed according to a previously reported
method.43 C18PMH–mPEG (15 mg) and OA coated Fe3O4@40%
Mn2+-doped NaYF4:Yb/Tm NPs (15 mg) were dispersed sepa-
rately in chloroform (10 mL) and then mixed together to obtain
a homogeneous phase. The mixture was stirred for 2 h at room
temperature. Aer evaporating the chloroform, the black solid
was redispersed in 10 mL of water, and the large aggregates
were removed using a 0.22 mm drainage membrane lter and
stored at 4 �C.

2.5. Cytotoxicity assay

The cell viability was measured using a 3-(4,5 dimethylthiazol-2-
yl)-2,5,-diphenyltetrazolium bromide (MTT) proliferation
assay.45,46 Briey, HeLa cells were seeded into 96-well plates with
200 mL of fresh medium at a density of 1� 104 cells per well and
cultured at 37 �C and 5% CO2 overnight. The cell culture
medium in each well was then replaced by 200 mL of cell growth
medium containing C18PMH–mPEG coated Fe3O4@40% Mn2+-
doped NaYF4:Yb/Tm NPs at concentrations ranging from
0.0625 to 1 mg mL�1. Aer incubation for 24 h, 200 mL of MTT
(0.5 mg mL�1 in a phosphate-buffered saline solution) was
added to each well for a further 4 h incubation at 37 �C. The
growth medium was removed gently using suction, 300 mL of
dimethyl sulfoxide was added to each well as a solubilizing
agent, and the microplate was le at room temperature for 2 h.

2.6. In vivo UCL imaging

Firstly, 100 mL of C18PMH–mPEG coated Fe3O4@40% Mn2+-
doped NaYF4:Yb/Tm NPs (0.8 mg mL�1) was injected intrader-
mally into the subcutaneous tissue of nudemice. In this system,
two external adjustable CW 980 nm lasers (0–5 W) (Shanghai
Connet Fiber Optics Co., China) were used as the excitation
source, and an Andor DU897 EMCCD was used as the signal
collector. Images of luminescent signals were analyzed using
the Kodak Molecular Imaging soware.

2.7. In vitro T1/T2-weighted MRI

Initially, 2 mL of the C18PMH–mPEG coated Fe3O4@40% Mn2+-
doped NaYF4:Yb/Tm NPs solution at Mn concentrations of 0,
0.0346, 0.0691, 0.1382, 0.2763, and 0.5526 mM or Fe concentra-
tions of 0, 0.0973, 0.2434, 0.4868, 0.9737, and 1.9474 mM were
prepared beforeMRI. Both T1-weighted and T2-weightedmagnetic
resonance (MR) images were acquired using a 0.5 T MesoMR23-
060H NMR analyzing and imaging system (Shanghai Niumag
This journal is © The Royal Society of Chemistry 2017
Corporation, Shanghai, China). The parameters were set as
follows: Q-IR sequence, eld of view (FOV) read ¼ 100 mm, FOV
phase ¼ 100 mm, TR ¼ 300 ms, TE ¼ 9.5 ms, slices ¼ 1, slice
width ¼ 5 mm, averages ¼ 10, k-space size ¼ 192 � 256 for
T1-weighted MRI, and Q-CPMG sequence, FOV read ¼ 100 mm,
FOV phase¼ 100mm, TR¼ 3000ms, TE¼ 80ms, slices¼ 1, slice
width ¼ 5 mm, averages ¼ 10, k-space size ¼ 192 � 256 for
T2-weighted MRI. The relaxivities (r1 and r2) were calculated from
a linear tting of the inverse relaxation time as a function of the Fe
or Mn2+ concentration.
2.8. Characterization

The morphology, microstructure, and magnetic properties of
the as-prepared NPs were characterized using transmission
electron microscopy (TEM; Tecnai F20). The structure was
studied using X-ray diffraction (XRD) measurements (Rigaku D/
max-2500 V/PC) with Cu Ka radiation (l ¼ 0.154 nm). The
magnetic properties were assessed using a vibrating sample
magnetometer (HH-15, China) at 25 �C under an applied
magnetic eld. The UCL spectra were recorded using a Hitachi
F-4600 uorescent spectrometer with a 980 nm diode laser.
Fourier transform infrared (FTIR) spectra were recorded using
a Spectrum One instrument (PerkinElmer) and a KBr pellet in
the spectral range of 4000 to 500 cm�1. The 1H NMR spectra of
methoxy poly(ethylene glycol) phosphoric acid were recorded on
an Agilent Technologies 400/54 Annual Rell (400 MR) NMR
instrument using CDCl3 as a solvent with a small amount of
tetramethylsilane as an internal standard. An inductively
coupled plasma mass spectrometry (ICP-MS) system (Shimadzu
Corp., Japan) was used to analyze the element concentration of
the solution. The T1/T2 relaxation times of the particle suspen-
sions with different Fe concentrations (0.0973–1.9474 mM) or
Mn2+ concentrations (0.0346–0.5526 mM) in water were
measured using a 0.5 T MesoMR23-060H NMR analyzing and
imaging system (Shanghai Niumag Corporation, Shanghai,
China).
3. Results and discussion
3.1. Effect of Mn2+ ion doping on the morphology,
nanostructure, and UCL of Fe3O4@Mn2+-doped NaYF4:Yb/Tm
NPs

Fe3O4@Mn2+-doped NaYF4:Yb/Tm NPs were synthesized by the
nucleation and growth of Mn2+-doped NaYF4:Yb/Tm on pre-
formed Fe3O4 NPs. Previous studies showed that the doping of
Mn2+ ions could tune the crystal structure, shape/size, and UCL
of the UCNPs.20–27 Five samples were synthesized, each doped
with 18 mol% Yb3+, 2 mol.

% Tm3+, and 0–50 mol% Mn2+ ions, to investigate the effect
of Mn2+ doping on the preparation of Fe3O4@Mn2+-doped
NaYF4:Yb/Tm NPs. Then, the crystal structure and phase purity
of the ve samples were examined using XRD, as shown in
Fig. 1. Mn-free UCNPs exhibit both cubic (Joint Committee on
Powder Diffraction Standards (JCPDS le number 77-2042) and
hexagonal (JCPDS le number 16-0334)) structures (Fig. 1a).
Furthermore, the phase transformation from the coexistence of
RSC Adv., 2017, 7, 37929–37937 | 37931
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Fig. 1 XRD patterns of OA coated Fe3O4@NaYF4:Yb/Tm NPs co-
doped with 0, 20, 30, 40, and 50 mol% Mn2+. The diffraction peaks of
the cubic phase are marked with A, and peaks related to the hexag-
onal phase are marked with *. The black dots in curve e indicate
a possible extra phase of NaMn3F10.
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a- and b-phases to the pure a-phase is completed by increasing
the Mn2+ content; the pure a-phase can be obtained when the
Mn2+ content reaches 20 mol% (Fig. 1b), and no other diffrac-
tion peaks are observed even when the Mn2+ content is
increased up to 40 mol% (Fig. 1c and d). Nevertheless, extra
NaMn3F10 peaks begin to appear when the Mn2+ content rea-
ches 50 mol% (Fig. 1e). In contrast, diffraction peaks relevant to
Fe3O4 are not observed in any of the XRD curves, perhaps
because the NPs are composed of smaller Fe3O4 NPs coated by
a higher percentage of NaYF4:Yb/Tm layer.47 These ndings
reveal that Mn2+ doping can also promote the hexagonal to
cubic phase transformation in the presence of Fe3O4 NPs.

To further reveal the phase and size control, Fe3O4@Mn2+-
doped NaYF4:Yb/Tm NPs (doped with different amounts of
Mn2+) were characterized by TEM (Fig. 2). The TEM images
show that the sample prepared without Mn2+ doping is
composed of hexagonal micro rods (b-phase) and small cubic
NPs (a-phase) (Fig. 2a and b).48 The addition of Mn2+, as
demonstrated in Fig. 2c–f, forms high-quality uniform OA–
Fe3O4@Mn2+-doped NaYF4:Yb/Tm NPs with the pure a-phase
structure. The inset in Fig. 2e demonstrates the excellent dis-
persity of the OA coated Fe3O4@40%Mn2+-doped NaYF4:Yb/Tm
NPs, which could potentially exist as a magnetic uid. Fig. 2g
shows the typical selected area electron diffraction (SAED)
pattern of the Fe3O4@Mn2+-doped NaYF4:Yb/Tm NPs in Fig. 2e,
in which the formation of the pure a-phase structure is evident.

Fig. 2g also shows a very clear diffraction ring corresponding
to the a crystalline NaYF4 (111), (200), (220), (311), (222), and
(400) faces, which is consistent with the XRD results. A high-
resolution TEM (HRTEM) image (Fig. 2h) of a single particle
(shown in Fig. 2e) shows that the measured interplanar spacing
of the Fe3O4 cores and Mn2+-doped NaYF4:Yb/Tm shell are
approximately 0.25 nm and 0.31 nm, respectively, which agree
37932 | RSC Adv., 2017, 7, 37929–37937
well with the separation between the (311) lattice planes of the
magnetite face-centered cubic structure and the (111) lattice
planes of cubic NaYF4. Thus, the HRTEM image shown in
Fig. 2h demonstrates successful connection between magnetic
seed nanocrystals and the Mn2+-doped NaYF4:Yb/Tm shell.

To reveal the impact of Mn2+ doping on the UCL properties,
the UCL spectra of Fe3O4@Mn2+-doped NaYF4:Yb/Tm NPs were
studied. Fig. 3 shows the effect of various Mn2+ co-doping
contents on the UCL of Fe3O4@Mn2+-doped NaYF4:Yb/Tm
NPs. Following the 980 nm laser excitation at room tempera-
ture, the UCNPs without Mn2+ doping exhibit an intense NIR
emission (�800 nm) and a weak red emission (�690 nm). Tm3+

ions are used as activators to generate the emission from the
NIR excitation. The Yb3+ emissions can be attributed to transi-
tion from the ground state energy level (2F7/2) to the excited state
energy level (2F5/2) to Tm

3+. Tm3+ is excited from its ground state
(3H6) to its excited state (3H5) by absorbing the transition. The
NIR emission (�800 nm) originates from the (3H4) state to the
(3H6) ground state. The NIR and red emissions are enhanced as
the Mn2+ doping concentrations increase. The overall upcon-
version emissions reach a maximum value at 40 mol% Mn2+.
Nonradiative energy transfer of Tm3+ from the (1D2) and (1G4)
states to the (4T1) state of the Mn2+ ions followed by a back
energy transfer to the (3F2) state of Tm3+ enhances the uores-
cence intensity and possibly improves the transition emission.49

The decrease of the UCL intensity at high Mn2+ contents (50
mol%) could be caused by the exchange interaction between
Mn2+ ions, which is depicted in Fig. 3, and signicant distortion
of the lattice, which induces concentration quenching, thus
reducing the UCL intensity.50,51 The result reveals that Mn2+

doping is a general method to tune the crystal structure, size,
and shape of UCNPs. According to the above result, the OA
coated Fe3O4@40%Mn2+-doped NaYF4:Yb/Tm NPs were chosen
as the studying object in the following work.
3.2. Hydrophobic to hydrophilic transfer of Fe3O4@Mn2+-
doped NaYF4:Yb/Tm NPs

Here, an amphiphilic polymer (C18PMH–mPEG) was synthe-
sized by the reaction of C18PMH with amine-functionalized
methyl ether poly(ethylene glycol). The as-prepared hydro-
phobic Fe3O4@40% Mn2+-doped NaYF4:Yb/Tm NPs were then
transferred to a hydrophilic phase aer coating them with
C18PMH–mPEG. The octadecene chains present in the alter-
nating C18PMH–mPEG intercalate with the oleate ligands
present on the surface of the Fe3O4@40% Mn2+-doped NaYF4:-
Yb/Tm NPs because of hydrophobic interactions, while the
anhydride rings and the mPEG segments in the polymer are
exposed to the solvent. The efficacy of the C18PMH–mPEG
coating is probed using several complementary techniques.
Firstly, the ligand change was investigated using FTIR. For OA
coated Fe3O4@40%Mn2+-doped NaYF4:Yb/TmNPs, the peaks at
2938 and 2868 cm�1 are assigned to the asymmetric and
symmetric stretching vibrations of methylene (–CH2–) in the
long alkyl chain of OA, and the band at 1468 cm�1 is attributed
to symmetric stretch vibrations of (RCOO–), indicating that OA
is coated on the surface of the OA coated Fe3O4@40%
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a–f) Typical TEM images of OA coated Fe3O4@NaYF4:Yb/Tm NPs doped with different amounts of Mn2+ (0, 20, 30, 40, and 50 mol%,
respectively), (g) SAED of NPs in (e), and (h) HRTEM image of a single particle in (e). The inset of (e) shows a photographic image of the chloroform
solution of OA coated Fe3O4@40% Mn2+-doped NaYF4:Yb/Tm NPs under a magnet.

Fig. 3 UCL spectra of OA coated Fe3O4@NaYF4:Yb/TmNPs co-doped
with Mn2+ ¼ 0, 20, 30, 40, and 50 mol% under the excitation of
a 980 nm diode laser.

This journal is © The Royal Society of Chemistry 2017

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

ug
us

t 2
01

7.
 D

ow
nl

oa
de

d 
on

 6
/1

0/
20

26
 1

0:
51

:3
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Mn2+-doped NaYF4:Yb/Tm NPs (Fig. 4a). For the curve of
C18PMH–mPEG coated Fe3O4@40% Mn2+-doped NaYF4:Yb/Tm
NPs, the new peak at 1116 cm�1 is attributed to –C–O– in
mPEG, and the new peak at 1662 cm�1 corresponds to the
absorption of the carbonyl (C]O), which suggests the forma-
tion of a C18PMH–mPEG layer on the Fe3O4@40% Mn2+-doped
NaYF4:Yb/Tm NPs.

Fig. 5 shows TEM images of the Fe3O4@40% Mn2+-doped
NaYF4:Yb/Tm NPs before and aer polymer coating. Compared
with the OA coated Fe3O4@40% Mn2+-doped NaYF4:Yb/Tm NPs
(Fig. 5a), aer modication with C18PMH–mPEG the
Fe3O4@40% Mn2+-doped NaYF4:Yb/Tm NPs NPs maintain the
cubic phase structure (show in Fig. 5b). In addition, the
C18PMH–mPEG coated Fe3O4@40% Mn2+-doped NaYF4:Yb/Tm
NPs were separated from each other without observable aggre-
gation, suggesting that they were effectively stabilized in
aqueous solution (Fig. 5b).

Fig. 6 shows the magnetic hysteresis measurements of the
prepared Fe3O4@40% Mn2+-doped NaYF4:Yb/Tm NPs before and
aer polymer coating, measured at room temperature. The eld-
RSC Adv., 2017, 7, 37929–37937 | 37933
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Fig. 4 FTIR spectra of OA (a) and C18PMH–mPEG (b) coated
Fe3O4@40% Mn2+-doped NaYF4:Yb/Tm NPs.

Fig. 5 TEM images of OA (a) and C18PMH–mPEG (b) coated
Fe3O4@40% Mn2+-doped NaYF4:Yb/Tm NPs.

Fig. 6 Room-temperature magnetic hysteresis loop for OA (a) and
C18PMH–mPEG (b) coated Fe3O4@40% Mn2+-doped NaYF4:Yb/Tm
NPs.

Fig. 7 Upconversion emission spectra of (a) the chloroform solution
of OA coated Fe3O4@40% Mn2+-doped NaYF4:Yb/Tm NPs and (b) the
water solution of C18PMH–mPEG coated Fe3O4@40% Mn2+-doped
NaYF4:Yb/Tm NPs under 980 nm excitation. The insets show photo-
graphic images of Fe3O4@40% Mn2+-doped NaYF4:Yb/Tm NPs
dispersed in chloroform and water.
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dependent magnetization plots illustrate that OA coated
Fe3O4@40% Mn2+-doped NaYF4:Yb/Tm NPs (see Fig. 6a) are
superparamagnetic with saturation magnetization values of
approximately 3.1 emu g�1 at 25 �C. The C18PMH–mPEG coated
Fe3O4@40% Mn2+-doped NaYF4:Yb/Tm NPs (see Fig. 6b) exhibit
a saturation magnetization value of 2.4 emu g�1, which is signi-
cantly lower than that of OA coated Fe3O4@40% Mn2+-doped
NaYF4:Yb/Tm NPs. This may be due to the C18PMH–mPEG poly-
mer coating on the Fe3O4@40% Mn2+-doped NaYF4:Yb/Tm NPs.

Fig. 7 shows the UCL properties of the Fe3O4@40% Mn2+-
doped NaYF4:Yb/Tm NPs NPs before and aer polymer coating.
The UCL intensity of the C18PMH–mPEG coated Fe3O4@40%
Mn2+-doped NaYF4:Yb/Tm NPs is slightly reduced compared to
the original hydrophobic NPs. This can be attributed to the
nonradiative decay of the electronically excited states of the
dopant lanthanide ions caused by surface ligands and water
molecules.40,41 Even so, the C18PMH–mPEG coated Fe3O4@40%
Mn2+-doped NaYF4:Yb/Tm NPs still exhibit good uorescence
properties. The inset in the top le corner shows that complete
transfer of the Fe3O4@40%Mn2+-doped NaYF4:Yb/Tm NPs from
the bottom chloroform layer to the top water layer is achieved,
37934 | RSC Adv., 2017, 7, 37929–37937
indicating that Fe3O4@40% Mn2+-doped NaYF4:Yb/Tm NPs are
successfully coated by C18PMH–mPEG.
3.3. Cytotoxicity test

The cytotoxicity of the C18PMH–mPEG coated Fe3O4@40%
Mn2+-doped NaYF4:Yb/Tm NPs was determined using HeLa
cells and a standard Cell Counting Kit-8 (CCK-8) colorimetric
assay. Aer 24 h of incubation with concentrations varying from
0.0625 to 1 mg mL�1, the C18PMH–mPEG coated Fe3O4@40%
Mn2+-doped NaYF4:Yb/Tm NPs exhibit a satisfactory biocom-
patibility (see Fig. 8). The cell viability is greater than 78%, even
at a high-dose concentration of 1 mg mL�1. These results
indicate that these C18PMH–mPEG coated Fe3O4@40% Mn2+-
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 In vitro cytotoxicity of C18PMH–mPEG coated Fe3O4@40%
Mn2+-doped NaYF4:Yb/Tm NPs against HeLa cells at different
concentrations after a 24 h incubation.

Fig. 10 Color T1-weighted images (a) and linear fitting of 1/T1 (b) of the
C18PMH–mPEG coated Fe3O4@40% Mn2+-doped NaYF4:Yb/Tm NPs
with different Mn concentrations. The color bar from blue to red
indicates the gradual increase of the MR signal intensity.
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doped NaYF4:Yb/Tm NPs are potentially suitable for biomedical
applications.
3.4. In vivo UCL imaging

To evaluate the NIR-to-NIR UCL imaging ability of these C18PMH–

mPEG coated Fe3O4@40% Mn2+-doped NaYF4:Yb/Tm NPs, a 5
week-old nude mouse (male) was anaesthetized and injected with
100 mL of 0.8 mgmL�1 C18PMH–mPEG coated Fe3O4@40%Mn2+-
doped NaYF4:Yb/Tm NPs in the abdomen region for in vivo
imaging. The injection depth was about 10 mm (estimated from
the needle penetration). As shown in Fig. 9, the UCL imaging
could be obtained from the injected sites using an EMCCD
camera by collecting NIR emission signal at 800 � 12 nm. In
particular, region of interest (ROI) analysis of the UCL signal
(lem ¼ 800 � 12 nm) reveals a high signal-to-noise ratio (�26)
between the abdomen region and the background. The high
contrast UCL imagewith ultra-low auto-uorescence interferences
can be attribute to the antistokes luminescence feature of UCL as
well as the wavelength of the emission light that falls within the
NIR window for bioimaging (700–1000 nm).4
Fig. 9 In vivo UCL imaging. (a) Bright field image; (b) UCL image after
injection with 100 mL of C18PMH–mPEG coated Fe3O4@40% Mn2+-
doped NaYF4:Yb/Tm NPs (0.8 mg mL�1) in the abdomen (power
density of 80 mW cm�2, lexcitation ¼ 980 nm, lemission ¼ 800 � 12 nm);
(c) merged image of bright field image and the UCL signals.

This journal is © The Royal Society of Chemistry 2017
3.5. T1/T2-weighted MRI

The elemental composition of the C18PMH–mPEG coated
Fe3O4@40% Mn2+-doped NaYF4:Yb/Tm NPs was further analyzed
by ICP-MS, where the Fe/Mn molar ratio was estimated to be
3.54 : 1. To explore the T1-weighted imaging performance, MR
phantom studies of the C18PMH–mPEG coated Fe3O4@40%
Mn2+-doped NaYF4:Yb/Tm NPs dispersed in water at different
Mn2+ concentrations were investigated (Fig. 10). As shown in
Fig. 10a, the brighter signals in the T1-weighted images increase
Fig. 11 Color T2-weighted images (a) and linear fitting of 1/T2 (b) of the
C18PMH–mPEG coated Fe3O4@40% Mn2+-doped NaYF4:Yb/Tm NPs
with different Fe concentrations. The color bar from blue to red
indicates the gradual increase of the MR signal intensity.
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as a function of the Mn2+ concentration (0–0.5526 mM). The T1
relaxivity coefficient (r1) for the C18PMH–mPEG coated
Fe3O4@40% Mn2+-doped NaYF4:Yb/Tm NPs could also be calcu-
lated from the curve of 1/T1 versus the Mn2+ concentration
(Fig. 10b). The data show that r1 is 4.7 mM�1 s�1 which is close to
the relaxivity of commercial Gd-diethylenetriaminepentaacetic
acid (4.82 mM�1 s�1).

To demonstrate the potential to use the NPs for T2-weighted
MRI, MR phantom studies of the NPs as a function of Fe
concentration were also performed (Fig. 11). T2-weighted MR
images (Fig. 11a) reveal that the brightness decreases with
increasing Fe concentrations (0–1.9474 mM). Meanwhile, the T2
relaxation rate (1/T2) increases linearly with respect to the Fe
concentration, and the slope (r2 relaxivity) is calculated to be
16.72 mM�1 s�1 (Fig. 11b). Although, the r2 relaxivity of the
C18PMH–mPEG coated Fe3O4@40% Mn2+-doped NaYF4:Yb/Tm
NPs is lower than that of many MRI contrasts, the content of
Fe3O4 here could be tuned to increase the r2 relaxivity.
4. Conclusions

In summary, we synthesized core@shell OA-coated
Fe3O4@Mn2+-doped NaYF4:Yb/Tm NPs using a hydrothermal
method. Besides the enhancement of the NIR UCL (UCL band at
�800 nm), the control of the phase and size of these NPs was
achieved by Mn2+ doping. Furthermore, the water-dispersible
Fe3O4@40% Mn2+-doped NaYF4:Yb/Tm NPs were obtained by
coating with an amphiphilic polymer (C18PMH–mPEG), which
exhibited good biocompatibility. Moreover, the prepared
C18PMH–mPEG coated Fe3O4@40% Mn2+-doped NaYF4:Yb/Tm
NPs could be used for in vivo NIR to NIR imaging. The devel-
oped NPs could also be used as dual-mode T1/T2-weighted MRI
because of the co-existence of Fe3O4 and Mn2+ in the NPs. We
expect that such multifunctional NPs that combine the advan-
tages of magnetic drug delivery, NIR-to-NIR UCL, and MRI
contrast, will nd applications in anticancer therapy.
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