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ynthesis of MnO2 nanolayers on
upconversion nanoparticles and their application
in activatable fluorescence and MRI imaging†

Yuan Wu,ac Dan Li,a Fang Zhou,a Hao Liang,a Yuan Liu,ac Weijia Hou,c Quan Yuan, a

Xiaobing Zhang *a and Weihong Tan *abc

We have developed a simple and versatile strategy for in situ growth of MnO2 on the surfaces of oleic acid-

capped hydrophobic upconversion nanoparticles (UCNPs) by optimizing the component concentrations in

the Lemieux–von Rudloff reagent. The oxidation timewas shortened by a factor of two compared to that of

the reportedmethod. This oxidation process has no obvious adverse effects on the phases of UCNPs. STEM,

X-ray photoelectron spectroscopy (XPS), Fourier transform infrared (FTIR) and energy-dispersive X-ray

analysis (EDX) characterization demonstrated the successful growth of MnO2 on the surfaces of UCNPs.

Furthermore, when the weight ratio of MnO2/UCNPs reached (147.61 � 17.63) mg mg�1, 50% of the initial

upconversion luminescence of UCNPs was quenched, as revealed by fluorescence and inductively

coupled plasma optical emission spectrometry (ICP-OES) results. The presence of the surface MnO2

precipitate not only confers high dispersity of UCNPs in water, but also allows further activatable

magnetic resonance imaging (MRI) and fluorescence multimodal imaging after reduction to Mn2+ by

intracellular glutathione (GSH). A novel targeted drug carrier nanosystem was prepared to protect MnO2

from early decomposition in blood circulation by coating with mesoporous silica and capping with

a gelatin nanolayer. Aptamer sgc8 was then attached to the surface of the gelatin nanolayer by covalent

crosslinking to achieve targeted drug delivery. The results suggest that this nanosystem shows promise

for further applications in cancer cell imaging and therapy.
Introduction

Monodisperse nanocrystals with narrow size distribution
synthesized by high-temperature thermolysis with oleic acid
(OA) as the coordinating ligand show attractive features,
including simple reactions without a further size-sorting
process, tunable size via varying the ratio between OA and
precursors, few crystalline defects, environmental friendliness
and economical synthesis.1 Different kinds of OA-capped
monodisperse nanocrystals have been extensively applied in
biomedical applications, such as magnetic nanocrystals for
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magnetic resonance imaging (MRI), cargo carriers for drug-
delivery, biosensors, and bioseparation,2–9 as well as semi-
conducting nanocrystals10–14 and UCNPs applied as uorescent
probes for cell tracking, biosensors, and cellular imaging.15–20

Because OA-capped monodisperse UCNPs are synthesized in
organic media, their transfer to the aqueous phase and their
functionalization are challenging. To solve these problems,
many researchers have focused on transferring hydrophobic
nanoparticles to the aqueous phase by ligand exchange, sila-
nization, or hydrophobic–hydrophobic interactions.21 The
oxidative cleavage of carbon–carbon double bonds to produce
carboxylate groups using a catalytic amount of permanganate
(KMnO4) in the presence of periodate (NaIO4) (Lemieux–von
Rudloff reagent) was rst reported in the mid-twentieth
century.22 Li and coworkers used the Lemieux–von Rudloff
reagent to oxidize OA ligands on the surfaces of UCNPs for
dispersal in water.23 Subsequently, Liu and coworkers used the
Lemieux–von Rudloff reagent to prepare hydrophilic UCNPs.
Then 2-(N-morpholino)ethanesulfonic acid (MES) was used to
reduce KMnO4 at pH 6.0 to form MnO2 nanosheets on the
surfaces of hydrophilic UCNPs to serve as a quencher for
upconverted luminescence.24 However, this oxidation process
required two steps to form MnO2 and a total time of 48 h, and
was both time-consuming and labor-intensive. To our
Chem. Sci., 2018, 9, 5427–5434 | 5427
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knowledge, there have been no reports of MnO2 growth on the
surfaces of UCNPs using the Lemieux–von Rudloff reagent to
achieve oxidation and MnO2 formation of UCNPs in one pot.

To solve these obstacles, we have optimized the concentra-
tions of KMnO4 and NaIO4 in a mildly alkaline solution (pH 7.7)
to accelerate the oxidation of OA, and this oxidation was
accompanied by the growth of MnO2 on the surfaces of UCNPs
(Scheme 1c). Two control experiments were carried out as
described in the ESI† (Scheme 1a and b).

Moreover, our group has reported the studies on using
simple MnO2 nanosheets to achieve gene-silencing therapy,
cellular imaging and photodynamic therapy via reducing
glutathione levels in cancer cells.25,26 In these reports, MnO2

nanosheets were intratumorally injected into athymic nude
mice. Glutathione (GSH) molecules participate in many
physiological processes not only in the cells, but also in blood
with a concentration range from 0.8 to 15 mM.27 MnO2

nanosheets can be converted to Mn2+ via GSH reduction, but it
is impossible for MnO2 to differentiate between the intracel-
lular GSH and extracellular GSH in vivo. Hypothetically, MnO2

nanosheets were intravenously injected in in vivo experi-
ments, MnO2 nanosheets may be reduced partly by GSH in
blood, which would lead to false signal imaging or early cargo
release before arriving at the tumor, decreased therapeutic
efficiency, and side effects. So it is considerably necessary to
protect MnO2 in the blood circulation, and to promise that
MnO2 decomposition only happens in target cells or tissues.
In the present work, a novel targeted drug carrier nanosystem
was successfully fabricated to protect MnO2 from early
decomposition in blood circulation by coating with meso-
porous silica and capping with a gelatin nanolayer. More
detailed information about this nanosystem is in the appli-
cation part.
Scheme 1 Synthesismechanisms of MnO2-coated UCNPs fromOA-cappe
was 1 : 3 : 56.5, as that in the reported method. (b) Control group 2: the mo
the molar ratio of OA : KMnO4 : NaIO4 was 1 : 9 : 18.8.

5428 | Chem. Sci., 2018, 9, 5427–5434
Results and discussion
Preparation and characterization of UCNPs@MnO2

NaYF4:Yb/Gd/Er UCNPs were synthesized according to a re-
ported procedure.28 Transmission electron microscopy (TEM)
imaging of UCNPs demonstrated their monodisperse particle
size of about 22 nm (Fig. S1†). The Lemieux–von Rudloff reagent
was used to oxidize the as-prepared OA-capped UCNPs. During
the course of our investigation using the Lemieux–von Rudloff
reagent, we discovered that the typical pink color of KMnO4

changed (Fig. S2a†) aer 60 h, and 74.6% of the upconverted
luminescence of the obtained dark-brown UCNPs was
quenched (Fig. S2b†). The uorescence recovered aer adding
GSH. On the basis of these ndings, we hypothesized that this
oxidation reaction was accompanied by precipitation of MnO2

on the surfaces of UCNPs. However, the reaction time was
rather long using the reported procedure. Therefore, we opti-
mized the concentrations of KMnO4 and NaIO4 in the Lemieux–
von Rudloff reagent (a two-fold higher concentration of KMnO4

and a two-fold lower concentration of NaIO4 than those of the
reported method were used). Pictures of the reaction mixture at
different times are shown in Fig. S3.† The products isolated
aer different reaction times in the course of the oxidation of
OA-capped UCNPs are shown in Fig. 1. The color change due to
product formation is clearly visible, and the dispersibility of
UCNPs was much better aer 6 h (Fig. 1c) under the optimized
conditions compared to those of the two control groups. TEM
images (Fig. 2) of products isolated aer different times from
the experimental group clearly showed the precipitate formed
on the surface of UCNPs compared to Fig. S1† of OA-capped
UCNPs.

The identity of the precipitate formed on the surfaces of
UCNPs was determined by energy-dispersive X-ray spectroscopy
d precursors. (a) Control group 1: themolar ratio of OA : KMnO4 : NaIO4

lar ratio of OA : KMnO4 : NaIO4 was 1 : 9 : 56.5. (c) Experimental group:

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Pictures of the products isolated and dispersed in PBS
(1 mg mL�1) after different oxidation times. (a) Control group 1 (the
concentration of KMnO4 and NaIO4 was 0.556 mM and 10.244 mM,
respectively, as those in the reportedmethod.); (b) control group 2 (the
concentration of KMnO4 and NaIO4 was 1.668 mM and 10.244 mM,
respectively); (c) experiment group (the concentration of KMnO4 and
NaIO4 was 1.668 and 3.415 mM, respectively).

Fig. 2 TEM images of the oxidized UCNPs from the experimental
group at different times. (a) 2 h; (b) 6 h; (c) 12 h; (d) 24 h.

Fig. 3 (a) XPS spectra of UCNPs, MnO2 and UCNPs@MnO2. (b) High
resolution Mn (2p) XPS spectra of UCNPs, MnO2 and UCNPs@MnO2.
(c) XRD spectra of UCNPs and UCNPs@MnO2. (d) FT-IR spectra of
MnO2, UCNPs, and UCNPs@MnO2 at different oxidation times (12 h
and 24 h).
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(EDX), scanning transmission electron microscopy (STEM), and
X-ray photoelectron spectroscopy (XPS). Compositional analysis
by EDX indicated the presence of a new element (Mn) not
observed in the EDX data for UCNPs (Fig. S4†). The existence of
Mn on the surfaces of UCNPs was proved by elemental mapping
with STEM (Fig. S5†). Ultrathin MnO2 nanosheets were
prepared as a positive control according to a reported method,29

and the characterization is shown in Fig. S6.† According to the
XPS analysis (Fig. 3a and b), the peaks of Mn 2p3/2 at 642.2 eV
and 2p1/2 at 653.8 eV further indicate the presence of MnO2.30,31

From the EDX, STEM and XPS results, it can be conrmed that
the precipitate formed on the surfaces of UCNPs was MnO2.
XRD patterns of both the as-prepared and oxidized UCNPs were
studied to investigate the phase effect of the oxidation process.
From the XRD result shown in Fig. 3c, it can be concluded that
This journal is © The Royal Society of Chemistry 2018
the oxidation had no obvious adverse effect on the phase of
UCNPs.

The capping ligands on the surfaces of UCNPs were identi-
ed by FTIR spectra in Fig. 3d. The MnO2 nanosheets, the as-
prepared UCNPs and oxidized UCNPs at different reaction
times all exhibit a broad band at around 3430 cm�1, corre-
sponding to the O–H stretching vibration. A peak at 3020 cm�1

attributed to the ]C–H stretching vibration can be observed in
the spectrum of UCNPs and UCNPs@MnO2 (12 h),32 but this
feature is apparently lost in the spectrum of UCNPs@MnO2

(24 h), suggesting that all of the OA ligands on the surfaces of
UCNPs were oxidized to azelaic acid ligands aer 24 h. In
addition, bands at 1557 and 1468 cm�1 observed in the spec-
trum of the UCNPs are attributed to the asymmetric and
symmetric stretching vibrations of the carboxylate group of the
OA ligand. However, in the two cases of the oxidized samples,
bands corresponding to the carboxylate group are found at
1637 and 1563 cm�1, and 1632 and 1563 cm�1, respectively. The
obvious changes of bands at around 810 cm�1 and 727 cm�1

observed in the spectrum of the as-prepared UCNPs and the
oxidized UCNPs samples are associated with the external
deformation vibration of ]C–H, which decreases in intensity
with oxidation time. These results suggested the cleavage of the
–HC]CH– group of the bound OA. The FT-IR spectrum also
showed the characteristic absorbance of the Mn–O stretching
vibration at around 470 cm�1 in the spectrum ofMnO2 and both
of the oxidized samples,33,34 indicating the existence of MnO2 on
Chem. Sci., 2018, 9, 5427–5434 | 5429
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the surfaces of the oxidized UCNPs. On the basis of the above
FTIR results, it can be deduced that the OA ligands on the
surfaces of UCNPs were oxidized to azelaic acids, and the
oxidation process was accompanied by the successful growth of
MnO2 on the surfaces of UCNPs.

To evaluate the ligand content in the as-prepared UCNPs and
oxidized UCNPs@MnO2 samples, thermogravimetric analysis
(TGA) was performed (Fig. S7†). The oxidized UCNPs@MnO2

samples were treated with GSH to remove the effect of the
surface MnO2. The weight loss in the temperature range of
30–200 �C is due to the loss of adsorbed water from each
sample, and a further weight loss observed from 200 to 460 �C is
attributed to the combustion of the organic groups on the
surfaces of UCNPs in the samples, and reects the ligand
content. The content of OA ligands in the UCNPs was about
10.5% (Fig. S7†), so we could calculate the amount of OA ligands
on the surfaces of UCNPs. The ligand content of oxidized
UCNPs@MnO2 (24 h) decreased to 7.2%, which was consistent
with the calculated result (see the ESI†) according to the
molecular weight of ligands (282.46 for OA and 188.22 for aze-
laic acid). Therefore, it could be concluded that almost all of the
OA ligands on the surfaces of UCNPs had been oxidized to
azelaic acid aer 24 h. The ligand content of oxidized
UCNPs@MnO2 (12 h) decreased to 8.7%, which was between
7.2% and 10.5%, indicating that 56.2% of OA ligands were
oxidized to azelaic acid, which was consistent with the FTIR
result.

To investigate the mechanism of MnO2 growth on the
surfaces of UCNPs, control group 3 (see the ESI†) was prepared
in the absence of OA-capped-UCNPs. The results showed that no
changes in the color of the reaction mixture occurred aer one
week, and no new product was produced aer centrifugation
(Fig. S8†), thus indicating that the KMnO4 and NaIO4 solutions
by themselves are quite stable under the experimental condi-
tions, and further indicating the specicity towards olenic
bonds of this oxidation reagent. Thus, the reagents alone could
not bring about the growth of MnO2. In the experimental group,
the supernatants aer centrifugation were collected aer the
oxidation reaction (Fig. S9†). It was observed that the colors of
all the supernatants changed aer 3 days, which means that the
MnO2 precipitate came from the reaction of intermediates
formed during the oxidation process.

The oxidation process can be explained in three steps
(Fig. 4a): rst MnO4

� oxidation of carbon–carbon double
Fig. 4 Scheme for the oxidation reactions. (a) The periodate-
permanganate oxidation process of carbon–carbon double bonds can
be explained in three steps. (b) The reaction of the IO4

� to regenerate
MnO4

� from its reduced state of MnO3
�. (c) The disproportionation

reaction of MnO3
� to form the MnO2 precipitate.

5430 | Chem. Sci., 2018, 9, 5427–5434
bonds to cyclic permanganate esters, followed by hydrolysis to
hydroxyketones (step 1), then the rapid IO4

� cleavage of the
hydroxyketone products (step 2), and nally MnO4

� oxidation of
the second stage products to carboxyl groups (step 3). In control
group 1 (Scheme 1a), the molar ratio of OA : KMnO4 : NaIO4 was
1 : 3 : 56.5. The amount of KMnO4 was considerably smaller
than that of NaIO4 due to the ability of the IO4

� to regenerate
MnO4

� from its reduced state (Fig. 4b). Because the reaction
occurred in a heterogeneous reaction system in a mildly alka-
line solution (pH 7.7), the reaction time was rather long.
Moreover, no redundant MnO3

� could form the MnO2 precipi-
tate. In control group 2 (Scheme 1b), the molar ratio of
OA : KMnO4 : NaIO4 was 1 : 9 : 56.5. Only the concentration of
KMnO4 was increased, the amount of NaIO4 was still consid-
erably larger than that of KMnO4. The MnO3

� was oxidized to
MnO4

� by IO4
� once MnO3

� was produced, so the initial step 1
was faster, but few MnO2 precipitates were formed. In the
experimental group (Scheme 1c), the molar ratio of
OA : KMnO4 : NaIO4 was 1 : 9 : 18.8. The concentration of
permanganate was increased, increasing the rate of oxidation in
step 1, and accelerating the entire oxidation process. At the
same time, the concentration of periodate was decreased. Thus,
the probability for IO4

� to oxidize MnO3
� to MnO4

� decreased,
and nally the MnO2 precipitate was formed by the dispropor-
tionation reaction of MnO3

� (Fig. 4c).35,36 Since IO4
� does not

oxidize MnO2 in alkaline media, the oxidized UCNPs acted as
templates to aid the growth of the MnO2 precipitate in this
heterogeneous reaction system. Further work on the more
detailed mechanism and effects of pH and temperature on this
reaction is now in progress.

As a result of the ligand change from OA to azelaic acid and
the growth of MnO2 on the surface of UCNPs, the results pre-
sented in Fig. 1 and S11† show the dispersibility of the products
formed at different times, and we can conclude that the growth
of MnO2 on the surfaces of UCNPs improved the dispersibility
of UCNPs. When MnO2 was reduced to Mn2+ with GSH, the
dispersibility (Fig. S10 and S12†) was improved considerably in
our experimental group aer 18 h. However, the dispersibility of
the two control groups was poor because of the incomplete
oxidation of OA ligands. Again, these results indicate that our
method increases the rate of the entire oxidation process.

The amounts of MnO2 formed on the surfaces of UCNPs at
different oxidation times were determined by ICP-OES (Fig. 5a).
The UV-vis absorption spectra in Fig. 5b and S13† show a char-
acteristic broad peak centered at 380 nm for MnO2 nano-
materials, which is consistent with the previous reports.25,28

From ICP-OES and UV results, it was clear that the amounts of
MnO2 increase with oxidation time using the optimized
composition of the Lemieux–von Rudloff reagent.

The luminescence properties of the oxidized samples in
aqueous solution presented in Fig. 5c and S14a† conrmed the
quenching ability of MnO2 on the luminescence of UCNPs due
to energy transfer between UCNPs and MnO2.24 When the
weight ratio of MnO2 on the UCNPs reached about (147.61 �
17.63) mg mg�1, 50% of the initial upconversion luminescence
of UCNPs was quenched. The luminescence of UCNPs was
recovered in the presence of GSH (Fig. 5d and S14b†).
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) ICP-OES results of the oxidized UCNPs at different oxidation
times. (1) Experimental group, (2) control group 1, and (3) control group
2. (Inset) Enlarged view of the ICP-OES results of control groups 1 and
2. (b) UV-vis absorption spectra of the oxidized UCNPs at different
oxidation times in the experimental group. (c) Fluorescence response
of the oxidized UCNPs at different MnO2/UCNP concentration ratios
(0–294.64 mg mg�1). (Inset) Plot of normalized fluorescence intensity
(%) at 533 nm versus the log[MnO2/UCNPs]. The spectra were recor-
ded by excitation with a 980 nm laser at a current density of 2 W cm�2.
(d) Fluorescence recovery response of the samples in (c) after adding
10 mM GSH.

Fig. 6 (a) Plot of 1/T1 versus concentration of different nanoparticles
(0, 10, 25, 50, 100, 200, and 400 mgmL�1) in blood and in PBS. (b) Plots
of 1/T1 versus [Mn2+] for the sgc8-nanosystem with or without GSH at
pH 7.4 and pH 5.0. (c) Fluorescence quenching and recovery of
different synthesized nanoparticles at pH 5.0 or pH 7.4, with or without
GSH. (d) T1-Weighted MRI results of the sgc8-nanosystem at pH 5.0
(top) and pH 7.4 (bottom). Left to right: [Mn2+] ¼ 0.00, 0.14, 0.71, 1.42,
2.14, 2.85 mM.
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Applications

Most importantly, the presence of MnO2 on the surfaces of
UCNPs facilitates further biological applications. Typically,
MnO2 nanosheets can be converted to Mn2+ via intracellular
GSH reduction, leading to activatable MRI.37 Moreover, MnO2

can quench the upconversion luminescence of UCNPs, leading
to potentially activatable uorescence imaging. But to our
knowledge, no strategy has been reported to protect MnO2

nanosheets from early reduction by GSH in blood circulation,
which would lead to false signal imaging or early cargo release.

A novel targeted drug carrier nanosystem (Scheme S1†) was
successfully fabricated to protect MnO2 from early decomposi-
tion in blood circulation by coating with mesoporous silica and
capping with a gelatin nanolayer. First, we followed the reported
method to obtain mesoporous silica-coated UCNPs@MnO2

(UCNPs@MnO2@mSiO2) characterized by TEM, EDX and FT-IR
(Fig. S15†).38 Then the as-prepared UCNPs@MnO2@mSiO2 was
capped with gelatin (UCNPs@MnO2@mSiO2@gel nanosystem)
following the reported method,39 as conrmed by TEM
(Fig. S16a†). Finally, sgc8 aptamers, bind to the cell membrane
protein PTK7 with high affinity and selectivity (Kd ¼ 0.8 �
0.09 nM),40 were conjugated on the gelatin surface (sgc8-
nanosystem is short for UCNPs@MnO2@mSiO2@gel-sgc8)
through the bifunctional cross-linker sulfosuccinimidyl 4-[N-
maleimidomethyl] cyclohexane-1-carboxylate (sulfo-SMCC)41 to
achieve specic affinity. Zeta potential tests (Fig. S16b†) and
agarose gel electrophoresis tests (Fig. S16c†) conrmed the
successful conjugation of sgc8 aptamers on the gelatin surface.

The concentration of GSH in human whole blood is reported
to be 849� 63 mM.42,43 To conrm the necessity to protect MnO2

from early decomposition, we tested the longitudinal relaxation
This journal is © The Royal Society of Chemistry 2018
rate (1/T1) of UCNPs@MnO2 and the gelatin-protected nano-
system when exposed to normal human whole blood. The
results (Fig. 6a) showed that UCNPs@MnO2 in blood does have
a higher longitudinal relaxation rate than that in PBS or in the
gelatin-protected nanosystem in blood. This demonstrates the
necessity to protect MnO2 from early reduction in blood when
being applied in biomedical research, and conrms that the
gelatin nanolayer indeed can protect MnO2 from early reduction
in blood. We next tested the longitudinal relaxation rate (1/T1)
(Fig. 6b) and MRI (Fig. 6d) of the as-prepared gelatin-protected
nanosystem at different pH values with or without GSH in vitro.
These results suggested that our nanosystem can provide acid-
and GSH-activated magnetic resonance signals for MRI. The
uorescence properties of the as-prepared nanosystem tested in
Fig. 6c and S17† showed that the uorescence intensity of
UCNPs within the nanosystem could be efficiently quenched
and could be recovered only when the environment was acidic
with GSH, thereby indicating the potential for application of our
nanosystem in activatable uorescence imaging, and conrm-
ing the ability of the gelatin nanolayer to protect the innerMnO2

nanolayer from early decomposition in the physiological
environment.

This protecting ability can be reversed by the acid-responsive
properties of gelatin. Aer crosslinking, at neutral pH, the
charge of the cross-linked gelatin was positive (4.7 mV)
(Fig. S18†), and the charge of mesoporous silica was negative
(�11.8 mV). The electrostatic attraction force between the
gelatin coating layer and mesoporous silica could stabilize
the pore-blocking capability of the gelatin layer. However, the
charge of the cross-linked gelatin layer was negative (�10.4 mV)
in the acidic environment (pH 5.0). Hence, the increased elec-
trostatic repulsive force between the gelatin coating layer and
Chem. Sci., 2018, 9, 5427–5434 | 5431
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mesoporous silica could open the pore and allow the escape of
the drug and the entrapped GSH molecules.44,45 Subsequently,
the MnO2 nanolayer is reduced to Mn2+ ions by intracellular
GSH, which, in turn, facilitates the uorescence recovery of
UCNPs. Meanwhile, Mn2+ ions can act as the contrast agent for
MRI, giving an activatable upconverted uorescence signal and
magnetic resonance signal.

CCRF-CEM cells with high membrane PTK7 expression were
chosen as the target cancer cell line and Ramos cells without
membrane PTK7 expression were used as a negative control cell
line.46 The binding and internalization abilities of the sgc8-
nanosystem toward targeted CEM cells and negative control
Ramos cells were evaluated using ow cytometry analysis. A
noticeably higher enhancement in the uorescence signal was
observed for CEM cells treated with the sgc8-nanosystem
compared to CEM cells treated with the random sequence-
modied nanosystem (lib-nanosystem) (Fig. 7a), while no
signicant change in uorescence intensity was observed for
negative Ramos cells (Fig. 7b). The selectivity was also conrmed
using two-photon confocal laser scanning microscopy47 (Fig. 7c
and S19†). To demonstrate activatable uorescence imaging,
HeLa cells with high PTK7 expression, another cell line targeted
Fig. 7 Biomedical applications of the multifunctional nanosystem for
selective cancer cell recognition, intracellular bioimaging, and tar-
geted anticancer drug delivery. Flow cytometry results of (a) target
CEM cells and (b) nontarget Ramos cells. (c) Confocal microscopy
images showing that the sgc8-modified nanosystem was internalized
into target CEM cells after incubation at 37 �C for 4 h, and the fluo-
rescence of UCNPs was recovered. T1-Weighted MRI images of (d)
CEM cells and (e) Ramos cells treated with the sgc8-nanosystem at
concentrations of 0, 25, and 50 mg mL�1. Cytotoxicity of the Dox-
loaded sgc8-nanosystem (sgc8-NS-Dox) and the lib-nanosystem (lib-
NS-Dox) in (f) CEM cells and (g) Ramos cells, in contrast to nonse-
lective toxicity of free Dox in both cell lines.

5432 | Chem. Sci., 2018, 9, 5427–5434
by sgc8 aptamers,48 were chosen to perform time scanning
imaging as shown in Fig. S20,† indicating the “off–on” imaging
mode of our sgc8-nanosystem due to the time-dependent
dissolution of the gelatin-coated layer. These results provide
powerful support for the mechanism of target cell-activated
uorescence. Next, the feasibility of the sgc8-nanosystem for
cellular MRI was investigated by treatment of CEM and Ramos
cells with different concentrations of the sgc8-nanosystem. It
can be seen in Fig. 7d and e that CEM cells treated with the sgc8-
nanosystem presented enhanced T1-weighted MRI images
compared to CEM cells alone and Ramos cells treated with the
sgc8-nanosystem. The amounts of Mn2+ in each CEM cell and
Ramos cell treated with 50 mg mL�1 sgc8-nanosystem were 0.073
and 0.009 pg, respectively, tested by ICP-OES. These results
demonstrated that our designed nanosystem can be used as
a luminescent probe and as an MRI contrast agent for live cell
imaging. As a proof-of-delivery concept, Dox was loaded into
the nanosystem (sgc8-nanosystem-Dox). To investigate the
acid-induced and controlled-release properties, the sgc8-
nanosystem-Dox was exposed to buffers with different pH
values at 4.0, 5.0, 6.0 and 7.4, as shown in Fig. S21.† The
colocalization study of the sgc8-nanosystem with LysoTracker
Green in HeLa cells is shown in Fig. S22.† The results revealed
that the release rate of this pH-responsive sgc8-nanosystem-
Dox increased over a 5 h period in mimicked environments
of late endosome and lysosome, where the pH values would be
in the range of 5.0–6.0.49 Finally, cell viability tests (Fig. 7f and g
and S23†) were performed to conrm that the aptamer-
modied drug delivery system would facilitate the target cell
killing activity of the drug. In contrast to nonselective cyto-
toxicity of free Dox in both target and nontarget cells, selective
cytotoxicity induced by the sgc8-modied nanosystem in target
cells demonstrated the applicability of our aptamer-modied
nanosystem for targeted drug delivery.

Conclusion

In conclusion, by optimizing the component concentrations in
the Lemieux–von Rudloff reagent, we have broadened the
application of this reagent in transferring OA-capped UCNPs
into an aqueous phase, to include the direct formation of
a MnO2 nanolayer on the surfaces of the oxidized UCNPs. The
oxidation time was shortened to half the time of the reported
method. Detailed investigations conrmed the existence of the
MnO2 precipitate and provided information about the degree of
oxidation at different oxidation times. It should be noted that
our nding on the color change when using the Lemieux–von
Rudloff reagent can be used as an indicator to track the oxida-
tion process. Moreover, we believe that this MnO2 growth
method is not limited to hydrophobic UCNPs. It can be
a common strategy applied to other hydrophobic nanoparticles
synthesized by high-temperature thermolysis, such as semi-
conductor and metal nanoparticles, where only the coordi-
nating ligands will be oxidized by the Lemieux–von Rudloff
reagent. Coincidentally, the surface MnO2 precipitate can act as
a common quencher of the uorescence of the host nano-
particles. The uorescence can be totally recovered by reducing
This journal is © The Royal Society of Chemistry 2018
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agents such as GSH and DTT, indicating potential for activat-
able uorescence imaging application.

Last, but also important, we provided a method to protect
MnO2 from early reduction by GSH in blood by coating with an
acid-responsive gelatin nanolayer for more accurate imaging
signals. The successful growth of MnO2 on the surfaces of
UCNPs and the fabrication of the targeted delivery and imaging
system suggest that it is possible to expand the application of
the Lemieux–von Rudloff reagent and these UCNPs@MnO2

carriers as activatable luminescent labels and contrast agents to
other biological elds, such as bioimaging and cancer cell
therapy.
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D. Prosperi and W. J. Parak, Chem. Soc. Rev., 2012, 41, 4306.

3 J. H. Jung, J. H. Lee and S. Shinkai, Chem. Soc. Rev., 2011, 40,
4464.

4 J. Gallo, N. J. Long and E. O. Aboagye, Chem. Soc. Rev., 2013,
42, 7816.

5 J. W. M. Bulte, S. C. Zhang, P. V. Gelderen, V. Herynek,
E. K. Jordan, I. D. Duncan and J. A. Frank, Proc. Natl. Acad.
Sci. U. S. A., 1999, 96, 15256.

6 R. Weissleder, K. Kelly, E. Y. Sun, T. Shtatland and
L. Josephson, Nat. Biotechnol., 2005, 23, 1418.

7 H. T. Song, J. S. Choi, Y. M. Huh, S. Kim, Y. W. Jun, J. S. Suh
and J. Cheon, J. Am. Chem. Soc., 2005, 127, 9992.

8 J. Won, M. Kim, Y. W. Yi, Y. H. Kim, N. Jung and T. K. Kim,
Science, 2005, 309, 121.

9 Y. J. Li, X. Hu, D. Ding, Y. Zou, Y. Xu, X. Wang, Z. Yin,
C. Long, C. Zhuo and W. H. Tan, Nat. Commun., 2017, 8,
15653.

10 S. Silvi and A. Credi, Chem. Soc. Rev., 2015, 44, 4275.
11 B. Dubertret, P. Skourides, D. J. Norris, V. Noireaux,

A. H. Brivanlou and A. Libchaber, Science, 2002, 298, 1759.
12 M. Xie, H. H. Liu, P. Chen, Z. L. Zhang, X. H. Wang, Z. X. Xie,

Y. M. Du, B. Q. Pan and D. W. Pang, Chem. Commun., 2005,
44, 5518.

13 J. M. Klostranec and W. C. W. Chan, Adv. Mater., 2010, 18,
1953.
This journal is © The Royal Society of Chemistry 2018
14 D. S. Lidke, P. Nagy, R. Heintzmann, D. J. Arndtjovin,
J. N. Post, H. E. Grecco, E. A. Jareserijman and T. M. Jovin,
Nat. Biotechnol., 2004, 22, 198.

15 L. Prodi, E. Rampazzo, F. Rastrelli, A. Speghini and
N. Zaccheroni, Chem. Soc. Rev., 2015, 44, 4922.

16 E. M. Chan, Chem. Soc. Rev., 2015, 44, 1653.
17 D. M. Yang, P. A. Ma, Z. Y. Hou, Z. C. Cheng, C. X. Li and

J. Lin, Chem. Soc. Rev., 2015, 44, 1416.
18 X. M. Li, F. Zhang and D. Y. Zhao, Chem. Soc. Rev., 2015, 44,

1346.
19 G. Jalani, R. Naccache, D. H. Rosenzweig, et al., J. Am. Chem.

Soc., 2015, 138, 1078.
20 D. E. Achatz, R. J. Meier, L. H. Fischer and O. S. Woleis,

Angew. Chem., 2011, 123, 274.
21 J. Zhou, Z. Liu and F. Li, Chem. Soc. Rev., 2012, 41, 1323.
22 R. U. Lemieux and E. V. Rudloff, Can. J. Chem., 1955, 33,

1701.
23 Z. Chen, H. Chen, H. Hu, M. Yu, F. Y. Li, Q. Zhang, Z. Zhou,

T. Yi and C. Huang, J. Am. Chem. Soc., 2008, 130, 3023.
24 R. R. Deng, X. J. Xie, M. Vendrell, Y. T. Chang and X. G. Liu,

J. Am. Chem. Soc., 2011, 133, 20168.
25 Z. L. Zhao, H. H. Fan, G. Zhou, H. R. Bai, H. Liang, R. Wang,

X. B. Zhang and W. H. Tan, J. Am. Chem. Soc., 2014, 136,
11220.

26 H. H. Fan, G. B. Yan, Z. L. Zhao, X. X. Hu, W. H. Zhang,
H. Liu, X. Y. Fu, T. Fu, X. B. Zhang and W. H. Tan, Angew.
Chem., Int. Ed., 2016, 128, 5567.

27 S. C. Lu, Mol. Aspect. Med., 2009, 30, 42.
28 X. J. Xie, N. Gao, R. R. Deng, Q. Sun, Q. H. Xu and X. G. Liu,

J. Am. Chem. Soc., 2013, 135, 12608.
29 Y. Omomo, T. Sasaki and M. Watanabe, J. Am. Chem. Soc.,

2003, 125, 3568.
30 A. A. Audi and P. M. A. Sherwood, Surf. Interface Anal., 2002,

33, 274.
31 Z. Fan, J. Yan, T. Wei, L. Zhi, G. Ning, T. Li and F. Wei, Adv.

Funct. Mater., 2011, 21, 2366.
32 L. Wang and Y. Li, Nano Lett., 2006, 6, 1645.
33 J. Yuan, Z. H. Liu, S. Qiao, X. Ma and N. Xu, J. Power Sources,

2009, 189, 1278.
34 G. Zhao, J. Li, L. Jiang, H. Dong, X. Wang and W. Hu, Chem.

Sci., 2012, 3, 433.
35 S. Wolfe and C. F. Ingold, J. Am. Chem. Soc., 1981, 103,

938.
36 K. B. Wiberg and K. A. Saegebarth, J. Am. Chem. Soc., 1957,

79, 2822.
37 H. H. Fan, Z. L. Zhao, G. B. Yan, X. B. Zhang, C. Yang,

H. M. Meng, Z. Chen, H. Liu and W. H. Tan, Angew. Chem.,
Int. Ed., 2015, 54, 4883.

38 J. Liu, W. Bu, L. Pan and J. Shi, Angew. Chem., Int. Ed., 2013,
52, 4375.

39 Z. Zou, D. He, X. X. He, K. M. Wang, X. Yang, Z. H. Qing and
Q. Zhou, Langmuir, 2013, 29, 12804.

40 Q. Yuan, Y. Wu, J. Wang, D. Q. Lu, Z. L. Zhao, T. Liu,
X. B. Zhang and W. H. Tan, Angew. Chem., Int. Ed., 2013,
125, 14215.

41 Z. L. Zhao, H. M. Meng, N. N. Wang, et al., Angew. Chem., Int.
Ed., 2013, 52, 7487.
Chem. Sci., 2018, 9, 5427–5434 | 5433

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8sc00490k


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
M

ay
 2

01
8.

 D
ow

nl
oa

de
d 

on
 3

/1
5/

20
26

 3
:5

0:
34

 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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
42 J. P. Richie, L. Skowronski, P. Abraham and Y. Leutzinger,
Clin. Chem., 1996, 42, 64.

43 F. Michelet, R. Gueguen, P. Leroy, M. Wellman, A. Nicolas
and G. Siest, Clin. Chem., 1995, 41, 1509.

44 B. Gaihre, M. S. Khil, D. R. Lee and H. Y. Kim, Int. J. Pharm.,
2009, 365, 180.

45 C. W. N. Cumper and A. E. Alexander, Aust. J. Chem., 1952, 5,
146.
5434 | Chem. Sci., 2018, 9, 5427–5434
46 D. H. Shangguan, Y. Li, Z. W. Tang, Z. H. Cao, H. W. Chen,
P. Mallikaratchy, K. Sefah, C. Y. Yang and W. H. Tan, Proc.
Natl. Acad. Sci. U. S. A., 2006, 103, 11838.

47 J. Mondal, A. Samadder and A. R. Khuda-Bukhsh, J. Integr.
Med., 2016, 14, 143.

48 R. Hu, X. B. Zhang, Z. L. Zhao, G. Z. Zhu, T. Chen, T. Fu and
W. H. Tan, Angew. Chem., Int. Ed., 2014, 53, 5821.

49 C. Wang, T. Zhao, Y. Li, G. Huang, M. A. White and J. Gao,
Adv. Drug Deliv. Rev., 2016, 113, 87.
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8sc00490k

	Versatile in situ synthesis of MnO2 nanolayers on upconversion nanoparticles and their application intnqh_x00a0activatable fluorescence and MRI imagingElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc00490k
	Versatile in situ synthesis of MnO2 nanolayers on upconversion nanoparticles and their application intnqh_x00a0activatable fluorescence and MRI imagingElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc00490k
	Versatile in situ synthesis of MnO2 nanolayers on upconversion nanoparticles and their application intnqh_x00a0activatable fluorescence and MRI imagingElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc00490k
	Versatile in situ synthesis of MnO2 nanolayers on upconversion nanoparticles and their application intnqh_x00a0activatable fluorescence and MRI imagingElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc00490k
	Versatile in situ synthesis of MnO2 nanolayers on upconversion nanoparticles and their application intnqh_x00a0activatable fluorescence and MRI imagingElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc00490k

	Versatile in situ synthesis of MnO2 nanolayers on upconversion nanoparticles and their application intnqh_x00a0activatable fluorescence and MRI imagingElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc00490k
	Versatile in situ synthesis of MnO2 nanolayers on upconversion nanoparticles and their application intnqh_x00a0activatable fluorescence and MRI imagingElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc00490k
	Versatile in situ synthesis of MnO2 nanolayers on upconversion nanoparticles and their application intnqh_x00a0activatable fluorescence and MRI imagingElectronic supplementary information (ESI) available. See DOI: 10.1039/c8sc00490k


