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Stimuli responsive upconversion luminescence nanomaterials and

films for various applications

Ming-Kiu Tsang, Gongxun Bai and Jianhua Hao*

Upconversion luminescence (UCL) refers to nonlinear optical processes, which can convert near- infrared photons to short-

wavelength emission. Recent advances in nanotechnology have contributed to the development of photon upconversion materials as

promising new generation candidates of fluorescent bioprobes and spectral converters for biomedical and optoelectronic applications.

Apart from the remarkable photoluminescence of the materials under photon excitation, some UCL materials may exhibit intrinsic

magnetic, ferroelectric, X-ray absorption properties, and so on. These interesting characteristics provide an opportunity for us to couple a

single stimulus or multiple stimuli (electric field, magnetic field, X-ray, electron beam, temperature and pH, etc.) to various types of UCL

materials. In this review, we will primarily focus on the stimuli responsive properties of UCL materials beyond light—matter interaction, which

can aid both fundamental research and widespread applications of the materials. The mechanisms of the response to various stimuli in the

UCL materials are discussed. This article will also highlight recent advances in the development of these materials in response to various

stimuli and their applications in multimodal bioimaging, drug delivery and release, electro-optical devices, magnetic, temperature and

pH sensors and multiple anti-counterfeiting inks. Lastly, we will present potential directions of future research and challenging issues

which arise in expanding the applications of stimuli responsive UCL materials.

1. Introduction

Stimuli responsive materials can be defined as the materials

that respond to light, magnetic or electric field, temperature,
ionic strength, pH, and so on.1-3 Nowadays, numerous studies on
stimuli responses have focused on polymers, which are named as
““smart’’ and stimuli responsive polymers.4

Smart polymers are playing important roles in a wide range
of applications, including magnetic field guided drug delivery,s
shape memory compositess and self-healing application,7 to
name a few. Comparatively, the fundamental issues of stimuli
responses in upconversion luminescence (UCL) materials
are rarely addressed and summarized as a specific subject,
although many researchers have demonstrated a variety of
promising applications based on the stimulus response of
UCL materials. It is known that the UCL process is a nonlinear
optical process which involves sequential absorption of two or
more lower excitation photons and results in emission of
higher energy photons.s Recently, UCL materials have drawn
considerable attention and have been applied in diverse fields
such as bioimaging, bio-sensing, optoelectronic devices and
therapies,o-13 owing to the striking energy transformation.
Trivalent lanthanide ion (Ln3+) doped UCL materials can response
to near-infrared (NIR) excitation, e.g. 980 nm diode laser, and
therefore emit UCL emission, displaying superior features, such
as narrow and sharp 4f—4f transitions, long-lived luminescence,
high penetration depth and large anti-stoke shift emission.
In particular, the property of deep penetration favors the
promising application of UCL materials in biological tissues.
To date, UCL has been mainly classified into four types, namely
excited state absorption (ESA), energy transfer upconversion (ETU),
photon avalanche (PA) and energy migration upconversion
(EMU).9,14,15 ESA can be realized by UCL host materials that
are singly doped with activator ions, such as Er3+ ionsi6-28
while ETU enhances UC efficiency by co-doping a pair of
sensitizer-activator ions into the host matrix, e.g. Yb/Er,
Yb/Ho and Yb/Tm,29-50 because Yb3s+ions demonstrate a high
absorption cross-section in the NIR region (B980 nm) and well
matching with the energy level of Ln activator ions. Therefore,
UCL emission of two, three, four even fives: photons can be
realized by different combinations of dopants. Very recently,
Liu’s group demonstrated the EMU process in a core—shell
NaGdF4@NaGdF4 system,15 where energy can be migrated from
the core to the sublattice to tune UCL through the core—shell
structure.

Apart from the remarkable photoluminescence (PL), it should
be emphasized that this class of UCL material can provide extra
physical properties. For example, Gds+ions are known to possess
paramagnetic properties under magnetic field. There are some
types of UCL host composed of Gds+ions, such as NaGdF4,48,52-57
BaGdFs,ss-61 GdF362-64 and KGdF4.47,65-67 Besides magnetism,
some ferroelectric materials, such as BaTiO3 (BTO),22,68-70 and
BiaTi3012,71 doped with Ln3+ions may present both ferroelectric
and UCL properties. Note that Ln3+ions belong to heavy elements,
which show high X-ray attenuation coefficients (XACs) and K-edge
energies.72 In principle, the XACs and K-edge energies increase
across the Ln series in the periodic table. Fig. 1 summarizes the
stimuli response of UCL materials towards magnetic and electric
fields, high energy sources, temperature and pH. The nonlinear
UCL process is either affected or unaffected by the various
external stimuli. In fact, these external triggers definitely manifest
the multifunctional nature of UCL materials and expand applica-
tions in whatever case.

Recent advances in nanotechnology have contributed to the
development of photon upconversion nanocrystals (UCNCs) in
numerous applications, including multimodal bioimaging,
biodetection, drug delivery, phototherapy, photocatalysis, and
spectral converters, which have been extensively reported and
critically reviewed.9-11,14,73-88 Previous reviews on UCL mainly
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focused on the controlled synthesis, UCL tuning,ss surface
modifications and in-depth discussion of several biological
fields, including in vitro and in vivo bioimaging, biodetection
and therapeutic applications. So far, there have been no review
to provide a unified picture of stimuli responsive properties of
UCL materials and broad overview of various applications.
Therefore, this review article will primarily focus on the stimuli
responses of UCL materials and multifunctional applications
derived from the features of the stimuli responses. We will
highlight physical mechanisms, synthesis, characterization
and technological applications of stimuli-stimulated UCL
materials. With this end in view, we have organized the pre-
sent review as follows. In Section 2, we will describe the
fundamentals and mechanisms related to the interaction
between various stimuli and UCL materials with the aid of
typical examples. Followed by this section, Section 3 will pre-
sent the considerations of material design and synthesis for
achieving the stimuli responses in UCL materials, while Section 4
will outline measurements of the UCL materials responding to
various stimuli. Lastly, we will highlight the recent advances and
technological applications based on the stimuli responses of UCL
materials.

2. Principles of stimulus response in
UCL materials

2.1 Interaction of the magnetic field with UCL materials

Some effects linking the magnetic field with light are well
written in the textbook.9o For example, in the known magneto-
optic effects, the Faraday effect describes changes in light
transmitted through a magnetic material, while the Kerr effect
describes changes in light reflected from a magnetic surface.
Since then, other related effects, such as Zeeman, Voigt and
Cotton—Mouton effects, are confirmed to be due to the magnetic
ordering of a material either induced by an external field or
present spontaneously.o1 The so-called magneto-luminescence
refers to the observed phenomena of variation in PL or electro-
luminescence (EL) under externally applied magnetic field,
which has been investigated in transition metal doped phos-
phors, two-dimensional electron gas, organic compounds, and
so on, typically under the conditions of high magnetic field and
low temperature. For instance, Ko“che et al. observed magneto-
luminescence in electron gas under a magnetic field of 15 T and
a temperature of 290 mK in a He cryostat. Dewitz et al. recorded
the magneto-luminescence of InP/GaP quantum dots in the
measurements of magnetic fields of up to 60 T and temperatures
of below 100 K.92-96

As aforementioned, the existence of magnetization is fre-
quently observed in those UCL materials composed of magnetic
elements such as Gd when magnetic field is applied. Such a
type of magnetic response is ascribed to the non-interacting
localized nature of the magnetic moment in the compound.49
The ability of magnetization and relaxation of the UCL materials
containing magnetic elements has led to some promising
applications, including bio-separation and magnetic resonance
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Fig. 2 A simplified energy level diagram showing the splitting of energy
level 48312 of the Ers+ion in which the gap between the Zeeman levels [A1/2i
and |A3/2i increases with external magnetic field.

imaging (MRI) which will be described in later section. In contrast,
only limited reports have observed magneto-luminescence in UCL
materials so far.97-99 The related mechanism of the magneto-
luminescence effect in UCL materials was explained by the
Zeeman splitting of the energy level in Ln activator ions (e.g.,
Ers+ions). Fig. 2 shows a simplified energy level diagram of Er3+
ions with 4S32 and 4lis5/2 states only. Owing to the crystal field of
the UCL material under external magnetic field, the 4S3.2 state of
Er3+ions splits into four degenerate states by the Zeeman effect,

namely |[+3/2i, |A3/2i, |+1/2i, |A1/2i. The separation between
|A3/2i and |A1/2i increases with increasing magnetic field. This
leads to a larger splitting of the |£3/2i doublet and a negligible
radiative probability from |+3/2i to |A3/2i. At the same time,
most of the UCL emissions come from the lowest |A3/2i level in
the 4S3/2 quartet. Therefore, the external magnetic field decreases
the visible UCL emission intensity from the 4S3/2 quartet of
Er3+ ions.97

2.2 Interaction of the electric field with UCL materials

It is known that the optical property of UCL materials is
affected by the uneven components contributed by the crystal
field around Ln activator ions in low symmetry hosts. This
principle can be used to explain the UCL enhancement in the
hexagonal phase of most common NaYF4 relative to its cubic
counterpart.io0 Conventionally, variations in host symmetry
and the crystal field of UCL materials are routinely achieved
by chemical approaches, i.e. changing the composition and the
phase of the host. In comparison, the electric field responsive
action of UCL materials is a physical method that modulates
the lattice site symmetry around the activator ions in the same
host in in situ and real-time manners. The resultant symmetry
changes contribute to different transition probability that leads
to UCL modification (Fig. 3).

According to classical Judd-Ofelt (J-O) theory,io1,102 the
spontaneous emission probability Aed for an electric dipole
(ED) transition between initial J manifold |[S, L] Ji and a final

J manifold |[So, Lo] Joi is given by eqn (1),
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Fig. 3 A flowchart to elucidate the electric field responsive and conven-
tional chemical route towards the UCL emission change.

where ¢ is the electron charge, 1 is the mean wavelength of the
transition, n is the refractive index at the wavelength of the
transition and h is the Planck constant. The ED line strength
Sedis given by eqn (2),
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where three terms hJUwJi are reduced matrix elements of
the unit tensor operators, and three J-O intensity parameters
Ot (t= 2, 4, 6) contain the effect of the crystal-field terms, radial
integrals of an electron, and so on. Among the complicated
elements, the O2 term dominates a so-called hypersensitive
transition and this parameter is known to be closely associated
with asymmetry of the lanthanide ion sites. The lower symmetry
usually contributes to the larger O2.

In order to observe the electric effect on the UCL spectra, it is
crucial to design a combination of the Ln ion activator and the
suitable host, which should facilitate the variation of asymmetry
of activator ion sites by adjusting the electric field. Herein,
BTO:Yb/Er (Fig. 4) is used as a typical combination example to
further elaborate the electric field response of UCL materials.
BTO is selected as the ferroelectric UCL host because it has been
regarded as a model system for investigating crystal structure
transformation under mechanical stress, electric field, and tem-
perature. The Er3+ ion as a Ln activator ion is composed of an
incompletely filled 4f inner shell and two closed outer shells.
The BTO lattice is non-centrosymmetric in the tetragonal phase
with the point group 4mm (C4v) at room temperature, and
Ti is shifted related to the negatively charged oxygen atoms
(Fig. 4(a)), producing polarization. A previous study has indicated
that the doping Er3+ions can substitute Ti4+ions in BTO,22 hence
Ers+ions in the lattice are non-centrosymmetric even there is no
electric field.

When electric field is applied on the combined system, the
BTO lattice will be distorted and result in lower crystal symmetry
around Ers+ions (Fig. 4(b)). In principle, the lower symmetry at
the site of Ln ions means that the more uneven crystal-field

Fig. 4 The tetragonal lattice of Er-doped BTO thin films (a) without
and (b) with an external electric field E. (Adapted from ref. 68. Copyright
2013. Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Reproduced with
permission.)

components can mix opposite parity into 4f configurational
levels and subsequently increase the electric dipole transi-
tion probabilities of the dopant ions. Consequently, the hyper-
sensitiveness of the transitions of Ers+ ions results in the
electric field response of BTO.

2.3 Interaction of high-energy sources with UCL materials

UCL materials are found to be responsive to high energy sources,
such as X-ray and electron beams. The X-ray response of UCL
materials arises as a result of the X-ray attenuating nature of
the doped Ln elements. When materials are irradiated by X-ray,
X-ray will either penetrate or be absorbed or scattered by the
material. The latter two phenomena contribute to the decrease
of X-ray and referred to as X-ray attenuation. The attenuation
amount can be quantified by eqn (3) as follows,

= JoeAmx (3)

where I and Io are the transmitted X-ray intensity and original
intensity, respectively. m is the XAC and x is the penetrating
depth of X-ray.

When X-ray interacts with materials, there are mainly three
types of processes, namely coherent scattering, Compton
scattering and the photoelectric effect. Briefly, coherent scatter-
ing means the emission of same energy photons by the material
when the material absorbs X-ray. Compton scattering is the
collision of X-ray photons with outer shell electrons of the target
material and part of the X-ray energy is transferred to the material,



Table 1 X-ray mass attenuation coefficient of elements, including the
ones in the Ln series, common UC host elements and traditional elements
for X-ray absorption at 100 keV (cm2 gA1)103

Atomic K-edge X-ray mass attenuation
Element number  energy (keV) coefficient at 100 keV (cm2 ga1)
Y 39 17.0 0.90
1 53 33.2 1.94
Ba 56 37.4 2.20
La 57 38.9 2.31
Ce 58 40.4 245
Pr 59 42.0 2.59
Nd 60 43.6 2.69
Pm 61 452 2.84
Sm 62 46.8 2.90
Eu 63 48.5 3.04
Gd 64 50.2 3.11
Tb 65 52.0 3.25
Dy 66 53.8 3.36
Ho 67 55.6 3.49
Er 68 57.5 3.63
Tm 69 59.4 3.78
Yb 70 61.3 3.88
Lu 71 63.3 4.03
Au 79 80.7 5.16

and then the X-ray photons will be deflected. Lastly, the photo-
electric effect is due to the collision between X-ray photons and
the inner shell electrons (e.g., K and L shell), and then the
material emits characteristic X-ray photons in random directions.
Moreover, the incoming X-ray photons should possess energy
greater than the binding energy (K-edge energy) of the material to
facilitate the photoelectric effect. In fact, Compton scattering and
the photoelectric effect are prominent in clinical X-ray imaging
applications.72 Table 1 shows the XACs and K-edge energies of
the whole Ln series and some common metallic elements for
X-ray imaging. It should be noted that the Ln elements exhibit
increasing XACs and K-edge energies as the atomic number
increases, therefore Ln elements have the ability to produce
enhanced contrast in water or small animals. Such striking
X-ray-stimulated features enable one to use UCL materials as
potential contrasts in in vitro and in vivo X-ray medical imaging
which will be discussed in Section 5. Interestingly, combinations
of different Ln dopants in UCL materials can show different
attenuation coefficients at various energy ranges. Fig. 5 shows the
XACs of some common Ln elements and traditional elements
(Ba and I) for X-ray imaging in the 30-100 keV energy range, in
which the first data point of each curvecorresponds to the K-edge
energy of the element.

Although Ba and I show high XACs and low K-edge energies,
the XACs of Gd, Yb and Er are higher than those of Ba and
I under the same photon energy. Importantly, the differences in
XACs at various energy ranges of Ln elements are beneficial for
different groups of patients such as adults and children in X-ray
medical imaging. Therefore, Ln doped UCL materials are
attractive as X-ray medical imaging probes.

The electron beam can also interact intensively with a variety
of luminescent materials because of the existence of doped Ln
luminescent centres. However, it is important to distinguish the
order of magnitude of excitation energy of the incident electron
beam relative to that of conventional photon excitation in PL.

40
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Fig. 5 XACs of commonly doped Ln elements in UCL materials and
conventional elements for X-ray imaging over the 30-100 keV energy
range.103

Typically, electron beams are in the magnitude of keV while
photons are ineV.104 Intense cathodoluminescence (CL) emissions
were reported to be observed in down-conversion luminescent
(DCL)s57,65,105-109 and UCL materials.48,49,110 In fact, the funda-
mentals of CL in these materials are described by the general
range-energy R expression as,

R = bEn (4)

where b is a constant related to the material and n is a constant
assumed to be independent of material. However, it was later
confirmed by Feldman that n should be a constant that also
depends on materials. Therefore, b and n are related by the
equations as follows:

b =250A/rZnn2 )
n=1.2/(1 A 0.29logi0Z) (6)

By substituting b into eqn (4), one could yield the explicit
form of the range expression as:

R = 250(A/1)(E/Z1/2)n (@]

where r is the bulk density; A is the atomic or molecular weight
of the material; Z is the atomic number or the number of
electrons per molecule in the case of compounds.i11 Eqn (7)
describes the penetration depth of the electron beam into the
layer of luminescent materials and the depth mostly depends
on the energy of the electron beam. Upon increasing energy of
the electron beam, the electrons can excite more luminescent
centers in the deeper region of the luminescent materials and
hence resulting in more intense CL emission.

2.4 Effects of temperature and pH on UCL materials

Macroscopically, temperature is a fundamental thermal quantity
in many fields of science and engineering. In a microscopic view;
phonons are major factors governing the thermal conductivities.
The energy of a given lattice vibration in a lattice is quantized
into a quasi-particle called a phonon. Previous reports show
that temperature is associated with the phonon relaxation rate
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Fig. 6 Simplified energy level diagram of the Yb3s+ion sensitized Er3+and
Tms+ UCL system. The black, dashed, black dotted, and colored full arrows
represent photon excitation, energy transfer, multiphonon relaxation, and
emission processes, respectively.i14

and hence affects the UCL property.i12,113 As a result, it is
reasonable to predict that Ln doped UCL materials are sensitive
to temperature because of some close energy gaps in their energy
levels (e.g. Ers+ and Tms3+ions). Fig. 6 shows a simplified energy
level diagram of the Yb/Er or the Yb/Tm sensitizer-activator ETU
pair. Er3+ is well known for its green (2H 11/2/4S3/2 - 4115/2)
and red (4Fo2 - 4l15/2) bands while Tm3+ for blue (1D2 - 3F4,
1G4 - 3He) and NIR (3H4- 3He) UCL emissions.

It is important to note that there are some close energy levels
in Er3+ and Tms+, such as 2H11/2/4S3/2 and 3F2,3/3H4. These energy
levels are separated by a few hundred wavenumbers.115,116
Therefore, these states are highly sensitive to thermal agitation,
which may serve for temperature sensing application. Taking the
Er3+ion as an example, the temperature of the measuring system
can be found using the Boltzmann law117,118 as follows:

A A
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where In and Is are the UCL intensity of 2H11/2/4S3/2 - 4l1512
transitions, C is a constant depending on s, o, g, which
correspond to the emission cross section, angular frequency and
degeneracy of the 2H11/2/4S3/2 - 41152 transitions, respectively. DE
is the energy gap between the two states and kT E 200 cmA1.20
Meanwhile, pH is a common chemical parameter that
reflects the concentration of hydrogen ions in the medium.
This parameter can affect the UCL emission of Ln doped UC
materials. For instance, Capobianco’s group prepared oleate-
ligand free NaYF4+:Yb/Er UCNCs by thermal decomposition
followed by acid treatment. They showed that the UCL from
the UCNCs can be tuned by pH. Moreover, the red emission can
be enhanced at low pH.119 The observed red enhancement
was explained by the different multi-phonon relaxation from
various excited states of the Er3+ions due to interactions with

Fig. 7 Schematic illustration of the pH-induced reversible assembly of
AuNPs and its effect on the switching of the UCL emission of NaYF4:
Yb/Er@SiO2 UCNCs. (Adapted from ref. 121. Copyright 2009. Royal Society
of Chemistry. Reprinted with permission.)

surface OH groups from water. Moreover, modern applications
based on UCL materials are required to link or disperse UCL
materials with/in other chemicals to enable many pH related
applications such as targeting bioimaging, biodetection and
phototherapy. Therefore, it is valuable to understand the pH
responses of UCL materials in these systems. Herein, we use a
core—shell NaYF4: Yb/Er@SiO2 and a cysteine—Au system as an
example to show the working principle of the pH responsive
UCL material system illustrated in Fig. 7. In such a system,
Au exhibits the surface plasmonic-absorption band (SPB) which
overlaps with the green UCL emission of NaYF4:Yb/Er UCNCs
and the cysteine linkage is pH sensitive. Upon pH changes, the
linkage can be destroyed and rebuilt, leading toreversibleassembly
and disassembly of AuNPs. The change in morphology also
caused red-shift in SPB of AuNPs. As a result, the green and red
UCL emission bands are quenched at different extent and a
certain pH value.120

3. Material design and synthesis

The issue of controlled synthesis of UCNCs has already been
addressed and readers are referred to the numerous well-
focused research and review articles published over the past
several years.o,14,75,83 Here, we focus on the discussion of
design and synthesis of stimuli responsive UCL materials.

3.1 Material design for stimuli responses

Realization of coupling of single stimulus or multiple stimuli
to the UCL material system requires state-of-the-art synthesis
techniques. Accordingly, UCL materials have been prepared in a
variety of forms, including nanoparticles (NPs), core—shell NPs,
films and ceramics in order to meet the needs of novel applica-
tions. Table 2 shows the considerations of material design to
realize the stimuli responses of UCL materials. A non-exhaustive
list of typical examples capable of responding to different stimuli
is given.

In general, there are several approaches to design single
stimulus or multiple stimuli coupled by UCL materials. For
example, (I) doping the coordinating materials into the UCL
host, (II) anchoring the coordinating materials on the surface of
UCL materials, and (III) growing a layer of a shell that consists
of the coordinating material on the surface of UCL materials.
Magnetic UCL materials can be synthesized by simply doping



Table 2 Considerations for stimuli responsive UCL material design and
typical examples

Stimulus Typical example Ref.
Magnetic field Gds+or Mn2+ions 98
IONPs 126
Electric field Non-symmetric hosts 68
X-ray Ln or Baz+ions 60
AuNPs or shell 129
Electron beam Ers+or Tms3+ ions, etc. 48
Temperature Er3+or Tms3+ ions, etc. 211
PNIPAM 233
pH Amine or thiol linkage 121
PAA or DMMA 133
Organic dyes 138

Gds3+ or Mn2+ ions into the host because Gds+ and Mn2+ ions
have been known for their paramagnetic properties.i21 For Gds+
ions, the strength of paramagnetism in UCL materials depends
on the doping amount.46 The doping of magnetic Mn2+ions in
UCL materials is also reported on the tunable phase and red
emission in Yb/Er doped hosts, such as NaYF4,122 NaLuF4 and
NaYbF4.123 Besides doping, superparamagnetic iron oxide
nanoparticles (IONPs), for example Fe3O4, can be anchored
on the surface of UCL materials via cross-linkers for stronger
magnetic properties compared to Gds+ doped UCL materials.124
Even so, magnetic responsive UCL materials can be designed by
using the core—shell approach, which allows the formation of
an inert shell without activator ions or an active shell with
activator ions consisting of paramagnetic Gds+on the surface
of UCL materials. Moreover, the design can be reversed by
using Fe304 as the core and UCL materials as the shell.i25-127
Electric field responsive UCL materials are mostly based on the
materials, whose crystal symmetry is variable upon application
of electric field. As discussed in the previous section, ferro-
electric host doped Ln ions such as BTO:Yb/Er are some of the
good choices because of their crystal lattice being affected by
electric field.

In addition to magnetic and electric fields, there are various
choices of materials that allow coupling of high energy radia-
tion to UCL materials. From Table 1, the series of Ln elements
demonstrate significant XACs, and therefore common Ln doped
UCL materials should possess X-ray attenuating properties.
In principle, the tailoring of attenuation properties solely
depends on the choice of Ln dopants. But one should keep in
mind that Ln doping will also possibly affect other physical
properties, such as lattice strain and UCL properties. Owing to
the low phonon energy of the general formula, ALnF,9 where
A represents the cation, the recent reported BaYFs (ref. 43) and
BaGdFs (ref. 61) are confirmed to emit intense UCL via phonon
mediation. Interestingly, Ba is a common element used in well-
established X-ray imaging. Therefore, the Ba-based UCL host
may further enhance the X-ray attenuation of UCL materials.
Meanwhile, the metallic Au element is gaining popularity in the

biological field because of its bio-compatibility, facile prepara-
tion and SPB properties.i28 According to Table 1, the XAC of Au
is superior to Ln dopants; therefore the decoration of AuNPs or
growth of Au shells on the surface of UCL materials can further
enhance the attenuation ability of UCL materials. Regarding
the design of electron beam responsive UCL material, the main
consideration is the dopant type and concentration of UCL
materials. In fact, a number of Ln activator dopants, such as
Tms+and Er3+ions, can effectively response to the excitation of
the electron beam, leading to CL emission.4s,49,106

Temperature sensitiveness of UCL materials is mainly due to
the closeness of small energy gaps in Ln activators, such as Er3+
and Tms-+, therefore these two types of Ln dopants are commonly
used in temperature sensing applications. The UCL green and red
bands of Er3+ ions match well with some absorption bands of
organic materials, which may favor multi-sensing applications.
Some polymers can be well conjugated to the UCNPs to fabricate
nanocomposites for thermo-responsive applications. Thanks to the
thermo-responsive property of the poly(N-isopropylacrylamide)
(PNIPAM) polymer, thermo-responsive drug delivery and released
systems havebeen constructed based on the PNIPAM.129-131 Such
a class of polymer has a distinct phase transition temperature
called lower critical solution temperature (LCST). The LCST is
tunable and the PNIPAM can collapse and become insoluble
above LCST.132 By tuning the LCST close to the body temperature
of small animals, in vivo thermo-responsive applications based
on UCNPs are therefore highly feasible. This promising ability
has evoked the design of thermo-responsive drug delivery and
release systems.

On the other hand, pH sensitive UCL materials are usually
achieved indirectly via pH sensitive chemical linkages and
materials. The physical properties of these linkages or materials
are altered because of the change in pH, for example, one of the
key issues for pH responsive drug release is the switch in
polarity of surface charge in different pH environments. Surface
capped polymers, such as polyacrylic acid (PAA)133-135 and
2,3-dimethylmaleic anhydride (DMMA),136 have been proved to
exhibit a charge switching feature in various pH environments
for pH responsive drug delivery and release. Also, the linkage
between PEI and graphene oxide nanosheets can be intensified
under increasing pH,137 bromothymol blue (BTB) organic dye
changes its absorption spectrum upon changing pH.138 Also, the
observation of reversible destruction and construction of thiol
linkage in cysteine capped AuNPs under variable pH.120

3.2 Synthesis of stimuli responsive UCL materials

Firstly there are various synthesis techniques for preparing
stimuli responsive UCNCs, including co-precipitation,40,139-141
thermal decomposition,32,43,45,142-144 hydrothermal,4s,58,59,66,67,145-147
sol—gel,18,148 cation exchange,149 flame synthesisiso,i151 and com-
bustion synthesis.152 So far, co-precipitation, thermal decomposi-
tion and hydrothermal synthesis remain the three of the common
strategies to synthesize UCNPs with high monodispersity, control-
lable sizes and regular shapes.7s The co-precipitation synthesis is a
low cost and simple strategy to synthesize narrow size distributed
UCNCs under mild reaction conditions, although post- annealing



treatment may be needed.13,80 van Veggel’s group has synthe-
sized single Ln-doped downconversion LaF3 nanocrystals by
using ammonium di-n-octadecyldithiophosphate as a capping
ligand to control the growth and enhance stabilization of the
sample against aggregation.i39 Subsequently, Chow’s group
adopted and refined the co-precipitation method to synthesize
codoped LaF3 UCNCs, the as-synthesized UCNCs exhibit very
small size (B5 nm) and good dispersibility.is3 This simple
technique has also been applied to synthesizing other types of
UCNC s, such as NaYF4,140,141 LuPO4 and YbPO4.154 Hydrothermal
synthesis is another approach of a low temperature reaction used
for synthesizing UCNCs with controlled size and good dispersi-
bility. The basic idea of the hydrothermal reaction is the utiliza-
tion of high pressure and temperature above the critical point of
the reaction mixture to increase the solubility of the reaction
precursors and then the reaction rate can be speed up for the
crystallization of UCNCs. Therefore, specific reaction vessels,
such as Teflon-lined stainless steel autoclaves are needed to
ensure and withstand high pressure for forming UCNCs. Li’s
group proposed a universal synthesis strategy based on the phase
transfer and separation mechanism occurred at the interfaces of
liquid, solid and solution (LSS).155 Afterthat, Liu’s group reported
a powerful method of transforming the mixture of cubic and
hexagonal phase UCNCs into the pure hexagonal phase by Gds+
ion doping based on the hydrothermal synthesis.is6 Due to
these findings, many types of UCNCs possessing different hosts,
Ln doping and shapes were prepared, such as NaYF4122,157-160
(Fig. 8(a) and (b)), NaLaF4,161 NaGdF446,48,162-164 (Fig. 8(c)), NaLuF4
(Fig.8(d)),165s BaYFs,146 LaF3,166-168 BaF2169 andothers.38,58,67,145,170-173
Hydrothermal synthesis also provides simple surface modifica-
tion at the preparation stage. Hence various types of ligands can
be chosen to cap on the surface of UCNCs, offering a low-cost
and simple way to prepare UCNCs for biomedical applications.

Differentligands,suchas 6-aminocaproic acid,3-mercaptopropionic
acid and polyethylene glycol (PEG) capped UCNPs have been
synthesized by hydrothermal synthesis.174 Recently, our group
synthesized polyethylenimine (PEI) capped BaGdFs:Yb/Er and
KGdF4:Yb/Er UCNPs by hydrothermal synthesis. Theas-synthesized
UCNPs exhibit very small size (B10 nm) and good water
dispersibility suitable for bioimaging and ultrasensitive detec-
tion of Avian influenza virus H7 subtype. Note that such hosts
of UCNCs have no phase transition problem as observed in
Na-based UCL materials.59,66,175 Besides the co-precipitation
and hydrothermal synthesis, thermal decomposition synthesis
has proven to be successful in synthesizing highly regular
and monodisperse UCNPs. Thermal decomposition developed
by Yan’s group involves the decomposition of La(CF3COO)3
hydrate in oleic acid (OA) and octadecene (OD) to prepare
highly monodisperse LaF3 nanoplates.176 Later on, this techni-
que has further been applied for the synthesis of other high
quality UCNCs with regular and monodisperse morphology. For
example, Capobianco’s group reported the thermal decomposi-
tion synthesis of NaYF4:Yb/Er(Yb/Tm) of metal trifluoroacetate
in OA and OD at 315 1C, because of the presence of the capping
and coordinating OA ligand, the as-prepared UCNCs present
regular shape with high monodispersity.4s Followed by this
work, they refined this technique by eliminating the need for
size fractionation to synthesize NaYF4 UCNCs with narrow size
distribution.177 Owing to the popularity of this technique, a
series of Ln-doped UCNCs has been prepared by the thermal
decomposition technique, such as NaGdF4 (Fig. 8(e—g)),42,178-180
NaScFa4,181,182 NaLuF4,32,183,184 BaYFs,43 BaGdFs (ref. 61) and
KMnF3 (Fig. 8(h)).40

It is very common that the surface of UCNCs contains
different types of functional groups, such as amino groups
(NH2) and hydroxyl groups (OH), because the functional groups

Fig. 8 TEM images of UCNCs synthesized by hydrothermal synthesis (a) NaYF4:Mn/Yb/Er (b) NaYF4:Gd/Yb/Er (¢) NaGdF4:Yb/Er (d) NaLuF4:Gd/Yb/Er,
thermal decomposition (e) and (f) NaGdF4:Yb/Er (g) NaGdF4:Yb/Ho and (h) KMnF3:Yb/Er. (Adapted from ref. 123, 161, 165, 166, 179, 42 and 40. Copyright
2012,2011,2012,2014,2010, 2009 and 2011. Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Elsevier B. V., r IOP Publishing, American Chemical

Society. Reproduced with permission. All rights reserved.)



can enable conjugation of UCNCs to biological systems. However,
these functional groups belong to high vibrational mode groups
that may quench the UCL emission from UCNCs. Moreover, the
UCL emission from UCNCs is weaker than that of their bulk
counterpart, and addition surface defects on NCs may form
during the crystallization of UCL materials. Therefore, these
factors contribute to the decrease of UC emission of UCNCs.
As a result, the core—shell structure design is developed to solve
this problem. In stimuli responsive UCNCs, the formation of a
shell on the surface of the core can not only reduce the amount
of surface defects, but also endows some features associated
with stimuli responses.

To date, there have been many choices for shell materials,
including inert UCL shells, active UCL shells, IO and Au shells.
Numerous reports have established the formation of different
undoped UC shells on the surfaceof UCNCs, such as NaYF4,185-187
and NaGdF4.188 Among them, Chow and Yi reported a remarkable
enhancement of UCL emission of about 30-fold by growing a
1.5 nm thick b-NaYF4 shell on the surface of the NaYF4:Yb/Er(Tm)
core.186 Apart from the techniques of TEM, XRD and EDS, van
Veggel’s group provides evidence of core—shell NaYF4@NaGd4
structure by using X-ray photoelectron spectroscopy (XPS).189
Liu’s group also presented the direct evidence on surface
quenching-induced luminescence modulation by epitaxial
growth of a thin NaGdF4 shell (B2.5 nm) on the surface of the
NaGdF4:Yb/Tm core of different sizes ranging from 10-25 nm.
The decreased blue UC emission is stemming from the increased
surface quenching sites upon decreased UCNC size. After the
core—shell growth, a 450-fold enhancement was recorded in a
10 nm NaGdF4:Yb/Tm core—shell UCNC, and they also found
that the UC emission from core—shell UCNCs may be suppressed
due to the formation of volume defects.i9o Recent reports
indicate that active UCL shells are of growing interest because
of their significant roles in the enhancement, tunability and
increased emission modes of UCL. For example, Capobianco’s
group shows a design of NaGdF4:Yb/Er as an active-core and
NaGdF4+:YD as an active-shell.iss They observed approximately a
three-fold UCL enhancement of green and red bands by the core—
shell NaGdF4:Yb/Er@NaGdF4:Yb compared to NaGdF4:Yb/Er core
only UCNCs, the enhancement is attributed to the extra energy
transfer from the Ybs+ion in the shell to the Er3+ion in the core.
In a novel design, Chen’s group simultaneously realized UC and
DCluminescence ina core—active shell system by preparing highly
monodisperse NaGdF4+:Yb/Tm@NaGdF4:Eu core—shell multi-
functional material (Fig. 9).191 This core—shell structure is able
to realize UC and DC luminescence of Eus+ ions because the
NIR (973 nm) excitation can penetrate through the shell to
excite the Tms+ ions to transfer energy to the Eus+ ion in the
shell while the UV excitation (273 nm) can excite the Eus+ion
for conventional DC emission, respectively.

The third type of shell material is beyond UCL materials,
such as Au and Fe3O4 shells. Importantly, the growth of these
shells can couple multiple stimuli to the UCL materials, such as
X-ray and the magnetic field for multifunctional applications.
The growth of a gold shell should start with the attachment of
Au seeds on the surface of UCL materials and the source of

UC Ea** Emission

DC Eu' Emissbon

Fig. 9 (a) Schematic illustration of the general strategy to achieve the
dual-mode luminescence of Eus+ in NaGdF4 NCs. (b) A photograph
shows the transparency of NaGdF4:Yb,Tm—NaGdF4+:Eu core—shell NCs
in cyclohexane solution. (¢) UCL photograph of NaGdF4:Yb(18 mol%),
Tm(1 mol%) core only NCs in cyclohexane solution upon excitation at
976nm.(d)DCand(e)UCLphotographsofNaGdF4:Yb(18mol%),Tm(1mol%)—
NaGdF4:Eu(10 mol%) core-shell NCs in cyclohexane solution when
excited at 273 and 976 nm, respectively. (Adapted from ref. 192. Copyright
2010. Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Reproduced with
permission.)

Au seeds is typically HAuCls. However, the direct growth of Au on
the UCL material surface has proven to be unsuccessful because
homogeneous nucleation of Au is favored over heterogeneous
nucleation of Au, and therefore the small separation between
the UCL surface and Au may induce severe UCL quenching.se
Therefore, the Au shell is usually separated by a silicaio2 or an
organic layer.193 Similar to the Au shell, the growth of the Fe3O4
shell requires IONPs as seeds which are synthesized either prior
to being added to the original UCL synthesis system,i26,127 or
Fe3Oa4 precursors, which are added directly to the UCL synthesis
system.142 Besides, there are some novel core—shell designs.
For example, Zhong et al. and Zeng et al. reported core—shell
structures that consist of superparamagnetic Fe3Os@LaF3:Yb/Er
(Fig. 10(a)) and Fe304@NaGdF4: Yb/Er@NaGdF4+@Yb/Er, respec-
tively. Cheng et al. prepared a core—shell structure that consists of
NaYF4:Yb/Er@Fe3O4 NPs@Au (Fig. 10(b)). Benefited from the
multifunctional nature grafted by the IONPs and the shell, these
UCL systems are promising in magnetic targeting, bioimaging
and photo therapeutic applications.194

UCL layer structures can be prepared by various film deposition
methods. Mostly, UC materials are not grown on the substrates
directly. Instead, the UC materials are deposited after synthesis
and sometimes the deposition requires the assistance of medium,
such as PMMA and toluene.195 In the simplest case, UC film is
prepared by dropping the colloid onto a quartz plate and dried in
air.137,196 Spin-coating is also a common technique to prepare
UCL films.197 For example, van Veggel’s group synthesized
Lao.4sYbo.sEro.osF3, Lao.7sYbo.2Tmo.osF3, and Ybo.7sLao.2Euo.05F3
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Fig. 10 (a) Schematic illustration of the process of preparing Fe3O4@LaFs:
Yb/Er core—shell material and (b) the architecture of the multi-shell
structure that utilizes a NaYF4:Yb/Er core, IONP as an intermediate layer
and an Au shell. (Adapted from ref. 128 and 195. Copyright 2012. Royal
Society of Chemistry and Elsevier B. V. Reproduced with permission.)

UCNCs by the co-precipitation method and then spin-coated
the UCNCs in the form of sol—gel on a quartz plate for the
generation of white light,198 while Prasad’s group spin-coated
photo-patternable t-butoxycarbonyl capped a-NaYF4 UCNCs for
anti-fake security applications.199 Our group reported about the
fabrication of BTO:Yb/Er thin films on conductive SrRuOs3
(SRO)-coated SrTiO3 (STO) substrates by pulsed laser deposition
(PLD). Compared to bulks, the form of thin film facilitates the
application of higher electric field on the UCL sample under a
low bias voltage.ss However, the BTO:Yb/Er PLD target was
firstly prepared by standard solid state reactions for typical UCL
ceramics2s,26,200 prior to PLD. Oxyfluoride glass-ceramics are
fabricated by melting and quenching methods, which involve
melting the precursors and precipitation of UC crystals in the
glass matrix. The glass-ceramic UCL materials can combine the
merits of low phonon energy in fluorides and chemical stability
of oxides. Many types of NCs have been embedded, for instance
Baz2LaF7,201,202and BaYFs.203

4. Characterization of stimulus
response

Generally speaking, various techniques of measuring conventional
PLphosphors underexternal perturbation canbeemployed for the
characterization of stimuli responsive UCL materials. However,
some issues should be considered on the basis of UCL char-
acteristics, such as NIR laser excitation and quite low quantum
efficiency. Besides conventional photoluminescence measure-
ments, the characterization techniques presented as follows may
be used to characterize additional material properties, such as
transport behaviors under electric- or magnetic-field, cathodo-
luminescence, photoconductivity, and magneto-luminescence.
As a result, these measuring platforms are highly beneficial for
characterizing multi-functional materials.
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Fig. 11 (a) Measurement apparatus of luminescence under magnetic field
(b) magnetic responsive measurement of UCL in NaGdF4:Nd/Yb/Er BFSL.
(c) The setup used to measure the UCL of a BTO:Yb/Er thin film when an
external electric field is switched ‘‘off’” (left) and ‘‘on”’(right). (Adapted from
ref. 96, 98 and 68. Copyright 2012, 2013 and 2011. John and Wiley & Sons,
Ltd. and Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Reproduced
with permission.)

Fig. 11(a) shows a typical setup of magneto-luminescence
measurement previously used for the study of semiconductors.os
The measurement parts comprise a dc pulsed magnet inside a
cryostat and the sample is mounted between the pair of magnets.
Notably, the optical components are far away from the magnet
coil that can prevent risk from explosion of coils. Note that,
this setup can work at the low light level. Recently, Li’s group
reported on the magnetic response of UCL materials.o7 The
magnetic response can be measured by the scheme depicted in
Fig. 11(b). The NaGdF4:Nd/Yb/Er bifunctional superlattice (BFSL)
film was placed on a non-magnetic substrate in a cryostat with
variable temperature. The NIR excitation and the resultant UCL
emission were delivered and collected by two optical fibers to the
spectrometer. At the same time, a liquid-helium cooled super-
conductor coil was used to supply a dc magnetic field to the
sample perpendicular to the film. The measurement setup of our
group’s work on the electric field response of BTO:Yb/Er UCL
thin film is shown in Fig. 11(c), the light excitation and emission
as well as the applied electric field are denoted. This is a typical
parallel plate capacitor structure. The upper and lower side of
the UCL material consists of conductive indium tin oxide (ITO)
and SRO, respectively. Therefore, the excitation and emission
light canpass through the ITO layer.Such a sandwiched structure
can facilitate the manifestation of both dc and ac electric fields



across the UCL material.ss Since this configuration is limited by
the dielectric breakdown of UCL films, great attention should
be paid on the insulation of the thin film during measurement
to avoid potential current leakage.

The X-ray response of UCL materials can be measured in a
commercial X-ray imaging machine and an X-ray computed
tomography(CT)scannerextensivelyusedinclinicsandlaboratories.
To quantify the X-ray attenuation, the Hounsfield (CT number, HU)
unit is a parameter that determines the amount of X-ray
attenuation, and this parameter is defined as,

CT number % 1000 A mv A mw

where mvand mw are the attenuation coefficient of a voxel and
water, respectively.72 Scanner parameters, such as pitch, gantry
rotation time and speed, can affect the quality of scans.

Apart from single modality of X-ray imaging, it should be
pointed out that a synergistic combination of various techni-
ques in a single system, such as fluorescent microscopy/X-ray
imaging, and CT/MRI, is a future trend of medical imaging
technologies. Most recently, dual-modal X-ray and UC measure-
ment have been integrated in a single system (e.g., Carestream
FX PRO in vivo imaging system). In this case, simultaneous
X-ray and UC bioimaging taken from small animal after the
injection of the UCL nanoprobes can be tested by the multimodal
bioimaging system equipped with an external 980 nm NIR laser as
the excitation source and X-ray imaging accessory.146,165 From
Table 1, the attenuation coefficients of Ln elements increase
with K-edge energies, implying that the combinations of different
Ln elements in the host matrix can enable different ranges of
CT scanning.

For the characterization of CL arising from the interaction
between electron beams and phosphors, most researchers made
use of conventional scanning electron microscopy (SEM) facility
and performed CL spectral measurements in a high vacuum.
Comparatively, we obtained CL emission using a home-made
system modified from a RELIOTRON III CL luminoscope with a
cold cathode electron gun. Therefore, our measurements can be
performed at a higher relative pressure compared to those of
other studies. Low-voltage CL and UCL spectra were measured
using an Ocean Optics S4000 CCD spectrometer with a single-
strand UV/VIS optical fiber. Moreover, photoconductivity and
UCL emission of the samples under NIR laser irradiation can be
simultaneously tested in a vacuum.204 Loading different samples
on the sample holder, which is controlled using an x—y positioner,
facilitated measuring the emission of the samples in sequence
under the same conditions.

Regarding pH responsive measurements, digital pH sensors
and standard pH buffers are frequently used to monitor a
precise pH environment for pH responsive UCL measurements.
On the other hand, temperature responsive UCL measurements
have some variants in designs for the control of measuring
temperature. For example, a NIR laser can be employed as both
excitation and heating source to heat up the UCL material.
A thermocouple is in contact with the material to monitor the
temperature20s,206 while some groups used furnace23,207 or
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Fig. 12 (a) Schematic of the pump—probe setup used to measure the
temperature profile created by heating a colloidal solution of NaYF4:Yb/Er
UCNCs in water with a 980 nm diode laser (pump beam) and subsequently
scanned with a 488 nm argon laser (probe beam). (b) Left: confocal image of
the980 nmexcited UCL (pump absorbedprofile). Right: thermal image ofthe
spot created by the 980 nm pump beam. (Adapted from ref. 212. Copyright
2010. American Chemical Society. Reproduced with permission.)

cooling—heating systems to precisely measure temperatures.208-210
Vetrone et al. built a set-up by using a pump—probe and a fiber-
coupled confocal microscope connected to a high-resolution
spectrometer. The magnitude and distribution of temperature
of colloidal UCNCs can be measured and imaged by using the
system (Fig. 12). A 980 nm diode laser and a 488 nm argon laser
were used as the excitation and the probe beam, respectively.
In this way, the objective can collect the luminescence generated
by the samples.211

5. Applications of UCL materials

In recent years, the strategies based on the interaction between
various stimuli and UCL materials have been demonstrated to
be very attractive in multifunctional applications, ranging from
biomedical to photonic areas.

5.1 Multimodal bioimaging

A variety of bioimaging techniques are routinely used in lab
research and clinical applications. The bioimaging techniques
based on UCL materials as probes or contrast agents include
in vitro or in vivo fluorescence imaging, MRI, X-ray imaging, CT,
positron emission tomography (PET) and single photon emis-
sion computed tomography (SPECT). Among them, MRI, X-ray
imaging and CT are the means on the basis of the multi-stimuli
response nature of UCL materials which have been discussed in
this article, while PET and SPECT are achieved by incorporating
radioactive tracers into UCL materials for image formation.
Table 3 lists merits and limitations of each bioimaging
technique. Apparently, no single imaging technique is capable



Table 3 Comparison of merits and limitations of various bioimaging techniques and related systems

Techniques Merits Limitations

Imaging systems

Limited penetration for in vivo imaging.

Not suitable for patients consist of

Confocal microscope equipped
with NIR laser.

Commercial 3T MRI scanners.

Not able to image low hydrogen content parts.

Commercial CT scanners.

Gamma ray cameras.

UCL Good planar resolution.
High sensitivity. No 3D information.
MRI Non-ionizing radiation.
metallic parts.
Useful for imaging soft tissues.
X-ray CT High resolution. Ionizing radiation.
3D detail of soft tissues. Low sensitivity.
PET Able to provide localized functions Use of radioactive isotopes.
of organs.
Costly scans.
SPECT Able to provide true 3D information. Use of radioactive isotope.

Cheaper scan compared to PET.

of fulfilling all of the needs. Therefore, it would be desirable to
develop multiple complementary imaging modalities. For most
imaging modes, the contrast of imaging is potentially
enhanced through the use of contrast agents. Each modality
differs from another in terms of spatial and temporal resolu-
tion, anatomical and molecular details, and imaging depth.
Hence the concept of complementing the strengths of one
imaging modality with those of another has come to the fore
and been further bolstered by the development of fused instru-
ments. Such synergistic combinations of these bioimaging
techniques can enable the strengths of each bioimaging techni-
que to compensate the weakness of other techniques. In any
synergistic bioimaging system, the utilization of a multimodal
bioimaging agent is essential in order to prevent injections
of more than one contrast agent into the body, which can
reduce the number of possible adverse effects due to injection
of multiple contrast agents. However, further development of
such a new generation of biomedical imaging is currently
hindered due to the lack of the ideal multimodal imaging
agent. Therefore, it is interesting to investigate whether UCNCs
have the potential to meet the requirements of multimodal
bioimaging agents served for the attractive synergistic bio-
imaging techniques, e.g. UCL/MRI, UCL/X-ray CT, UCL/PET
and UCL/MRI/X-ray CT or PET.

Owing to the seven unpaired 4f electrons, Gds+ ions can
change the spin—lattice relaxation of the protons in water to
enable Ti1-weighted MRI imaging. There are mainly two meth-
ods to realize UCL/MRI dual modal bioimaging: (I) doping Gd3+
ions into the host matrix, and (II) growing a shell on UCNCs
consisting of the Gd element. For method (I), we have developed
a dual modal UCL/MRI system based on amine functionalized
single compound of BaGdFs:Yb/Er UCNCs that exhibit a peak
magnetization of 0.95 emu gai and a Tirelaxation constant of
1.194 mMA1 sA1. With the UCNCs, both UCL cellular and MRI
contrast have been demonstrated at various molar concentra-
tions.s9 Other UCL/MRI systems based on method (I) include
NaGdF4:Yb/Er(Tm)178,212,213 and NaYF4:Yb/Er/Gd.214,215 For method
(I), NaYF4:Yb/Er@NaGdF4216,217 and NaYbF4: Tm@NaGdF4218
are used in X-ray CT or conventional X-ray imaging based on

Gamma ray cameras.

Inferior accuracy in scanning deep activities in brain.

the X-ray attenuation property of Ln dopants in UC materials.
Particularly, the former technique is able to provide 3D images
of internal organs achieved by computer processed X-ray to
render 3D volumetric information of specific organs or tissues
for diagnostic applications while the latter can only present 2D
information on organs. Many Ln doped systems have been
reported for UCL/X-ray CT dual modal bioimaging, such as
NaGdF4,219 NaYbF4,220and NaYF4.221 Very recently, Zeng et al.
demonstrated dual-modal UCL/X-ray imaging by using ligand
free NaLuF4:Gd/Yb/Er nanorods. In this work, the X-ray signal
matched with the UCL in the lung of a sacrificed nude mouse,
indicating a successful example of synergistic bioimaging
(Fig. 13(a)). Importantly, the nanorods exhibited enhanced
visualization of blood vessel in X-ray and UCL bioimaging
compared to that without nanorods (Fig. 13(b) and (c)). These
results suggest that the UCL nanorods are some of the promis-
ing candidates for angiography imaging in disease diagnostic
applications.165

Beyond Na-based hosts, our group has also synthesized PEG
capped BaGdFs:Yb/Er by one-step hydrothermal synthesis.
Such a host consists of Ba and other Ln elements, possessing
different K-edge energies, and therefore this host can be used
as an X-ray CT agent for various groups of patients. Importantly,
we have demonstrated in vivo CT images with enhanced signals
of spleen of a mouse for 2 h, indicating that the UCNPs can
be used as CT contrast agents for improving the detection of
splenic diseases. (Fig. 13(d)).s0 Other Ba-based hosts including
BaYFsis6 and BaYbFs222 are reported to demonstrate dual
modal UCL/CT bioimaging applications. Interestingly, BaYbFs
UCNC:s can also serve as irradiation dose enhancers in tumors
during radiotherapy.222 PET belongs to a type of nuclear medical
imaging technique that is capable of producing 3D images of
the body by detecting the pair of g radiation emitted indirectly
by a positron emitting radionuclide. To date, 18F has been a
well-established radionuclide for PET whole body imaging and
quick coupling of 18F into UCL materials for high reaction yield
is very important because 18F has short lifetime. Li’s group
provided a convenient and simple way to couple 18F to NaYF4
UCNCs. Moreover, they had successfully imaged the spleen and
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Fig. 13 (a) Dual modal X-ray/UCL bioimaging of the lung of a scarified nude mouse after 0.5 h intravenous injection of the ligand-free NaLuF4:Gd/Yb/Er
nanorods. (b) Corresponding high resolution X-ray imaging of the lung, demonstrating the significant visualization of the blood vessel of the lung, (c) high

resolution X-ray imaging of the lung without injection of these nanoprobes,

(d) trimodal UCL/MRI/X-ray CT bioimaging system based on PEG-modified

BaGdFs:Yb/Er UCNCs (e) four-modal (UCL/X-ray CT/SPECT/MRI) imaging of the focused tumor from a tumor-bearing nude mouse 1 h after intravenous
injection of NaLuF4:Yb/Tm@NaGdF4(153Sm). (Adapted from ref. 166, 60 and 226. Copyright 2014, 2012 and 2013. Elsevier B. V. and American Chemical

Society. Reproduced with permission.)

liver of a mouse by PET through tail vein injection.223 Li’s group
also addressed trimodal bioimaging, e.g. UCL/MRI/X-ray CT
based on Gd complex modified NaLuF4:Yb/Tm@SiO2184 and
aminocaproic acid-Gd-NaYF4:Yb/Er(Tm).224 More recently,
Li and co-workers reported a four modal SPECT/CT/MR/UCL
bioimaging system based on a citrate group modified core—
shell NaLuF4:Yb,Tm@NaGdF4, (153Sm) probe. In addition to
UCL and MRI, they observed excretion of the probe from the
gall bladder to the intestine in X-ray CT.22s Moreover, the
radioactive 153Sm element enables SPECT to investigate the
quantitative distribution of the probe in the liver and spleen of

the mouse. The tumor angiogenesis of KB human oral tumor
was also monitored simultaneously by UCL/MRI/X-ray CT/SPECT
as shown in Fig. 13(e).

5.2 Drug delivery and release

In addition to multi-modal bioimaging, UCL nanomaterials with
stimulus response were found to enhance the drug delivery and
release ability of anti-tumor agents. Conventional drug delivery
systems are hindered by the uncontrollable drug release at
the initial stage of administration. Also, the drug efficacy and
biodistribution are affected by some non-specific cellular and



environment during delivery.i132 Alongside this, the drug mole-
cules might cause adverse side effects because of failure to
recognize diseased or healthy cells.226,227 Owing to the NIR
excitation, the UV emission from UCNPs can effectively cleave
the linker to release the photocaged molecules on the surface of
UCNPs.228-230 NIR-responsive mesoporous silica shell (m-SiO2)
coated UCNPs were developed for the application of control-
lable drug delivery.231 The antitumor drug doxorubicin (DOX)
molecules were loaded in the m-SiO2 linked to the theo-
nitrobenzyl (NB) linker. Upon NIR excitation, the NB linkers
were cleaved and facilitate drug release. Moreover, the conju-
gations of folic acid on the surfaces of the nano-drug carriers
enabled selective drug delivery.

Apart from NIR-responsive drug delivery and release, pH
and thermo-responsive drug delivery and release had also been
exploited in UCNP nanocomposites. Meanwhile, a novel meso-
porous g-AIO(OH) capped UCNP drug delivery and release
system was constructed.232 At low pH values, the negative
surface under neutral conditions switched to a positive surface
to favor the conjugation of DOX to the system. When the pH
value changed to 5, a cumulative release of DOX of three-fold was
observed compared to that at pH = 7.4. Lin’s group reported a
thermo/pHdual-responsivedrugcontrolledreleasesystembasedon
core—shell NaYF4:Yb/Er@m-SiO2 UCNPs linked to the thermo/pH
responsive polymer poly[(N-isopropylacrylamide)-co-(methacrylic
acid)] (P(NIPAm-co-MAA)).233 Fig. 14(a) and (b) show the schematic
structure of the drug delivery and release system. The drug-loaded
particles triggered release of the encapsulated DOX at higher
temperature/low pH as presented in Fig. 14(c)—(e). Each of the
drug release profile at 45 1C is higher than that at 25 1C and the
whole profile is promoted at pH = 2.0. These results indicate
the successful construction of the thermo/pH dual-responsive
drug delivery and release system. Moreover, Fig. 14(f) presents an
increased UCL emission when increasing DOX release because
of decreased DOX quenched UCL emission upon releasing.
Importantly, this work shows that the unique properties of the
hybrid nanocarriers may provide an opportunity for developing
a new generation of drug carrier which possesses a decision
making process for the smart site, time and dose-selected drug
release and cell imaging.

5.3 Electro-optical modulator

Our group has investigated the coupling between the electric
field and UCL. As shown in Fig. 15(a),es the UCL can be
obviously enhanced when increasing the dc bias voltage. It is
observed that an enhancement factor of the main green band can
reach up to 2.7. On the other hand, the red emission centered at
656 nm corresponding to 4F92 - 4l152 transition almost remains
unchanged with an increase of voltage. It indicates that the
emission enhancement is highly wavelength-dependent. As the
enhancement factors located in the green band are much
higher than those in the red band (Fig. 15(b)), the PL intensity
ratio of green to red emission is significantly enhanced with
increasing dc bias voltage up to 10 V, which is equivalent to an
electric field of 125 kV cmA1 on the UCL film. To understand
the difference in the enhancement factors of green and red
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Fig. 14 (a) Synthetic route towards UCNPs@m-SiO2-P(NIPAm-co-MAA):
(I) cetyltrimethylammonium bromide, tetraethyl orthosilicate; (II) metha-
cryloxypropyltrimethoxysilane, N -iso-propylacrylamide, methacrylic acid;
(IIT) guest (DOX) loading; (IV) increase the temperature and decrease the
pH value. (b) Schematic depiction of the dual function of UCNPs@m-SiO2-
P(NIPAm-co-MAA). Release profiles of DOX-UCNPs@m-SiO2-P(NIPAm-
co-MAA) in responseto temperaturechanges in PBS: (¢) pH = 7.4; (d) pH =5.0
and (e) pH = 2.0 (f) UCL intensity of UCNPs@m-SiO2-P(NIPAm-co-MAA) as
a function of the cumulatively released DOX. (Adapted from ref. 234.
Copyright 2013. Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim. Reproduced
with permission.)

emission bands shown in Fig. 15(b), one should consider that
the extent of the local symmetry influence on the different
emission bands may vary greatly, depending on the corre-
sponding intra-4f transitions. More importantly, the switchable
symmetry in ferroelectrics provides us to realize reversible and
dynamic tuning of PL emission by external electric field. As
shown in Fig. 15(c), an interesting observation is that the PL
intensity of the BTO:Yb/Er film under a sinusoidal ac bias can
be modulated with the same frequency as that of the sinusoidal
ac electric voltage. On the other hand, UCL enhancement
can also be achieved by using the surface plasmonic reso-
nance effect. Such an enhancement was due to the localized
electromagnetic field effect on the surface of UCNPs. For
instance, Schietinger et al. achieved plasmon-enhanced UCL
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Fig. 15 (a) The UC emission spectra of the BTO:Yb/Er film under dc bias
voltage ranging from 0 to 10 V. (b) The enhancement factors (left axis) for
green and red UCL bands as a function of the applied dc voltage. The PL
intensity ratio of green to red UCL (right axis) as a function of the applied bias
voltages is also shown. The thin film sample is excited by a 980 nm diode
laser. (c) Sinusoidal ac electric voltage applied tothe BTO:Yb/Er film (upper in
red color), and UCL emission at the wavelength of 523 nm (bottom in blue
color) as a function of time while the sinusoidal ac electric field was applied
on the BTO:Yb/Er film. (d) Schematic diagram of the electro-UCL modulator
based on BTO:Yb/Er film. (Adapted from ref. 68. Copyright 2013. Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. Reproduced with permission.)

in NaYF4:Yb/Er UCNPs.234 By coupling Au spheres of 30 and
60 nm, they recorded an overall enhancement of 3.8 fold. In the
same host material, Zhang et al. enhanced the UCL emission of
NaYF4:Yb/Er UCNPs by more than 2.5 by attaching AuNPs on the
surface of UCNPs.193 As a result, it should be emphasized that the
modulation of UCPL cannot be achieved by conventional chemical
and plasmonic methods. These results will aid further investiga-
tions of luminescence and widespread applications ofUC materials
because they provide an additional degree of freedom in the design
of luminescent materials and devices. In these concept devices,
specific emission can not only be amplified, but also be modulated
electrically as shown in Fig. 15(d).

5.4 Magnetic sensors

The magnetic responsive effect in the Ln activator doped UCL
materials was demonstrated by precipitating PbF2:Er UCNCs in
bulk oxyfluoride nano-glass ceramics.9s The effect resulted in two
orders of magnitude drop in green UCL emission (4S3/2 - 4115/2)
under a magnetic field of up to 50 T and the drop of UCL was
greatest in the range of 0—5 T. This observation has the potential
for non-invasive and remote magnetic sensing. Moreover, the
nanoscale magnetic sensor was suggested to achieve a sensing
accuracy of 0.01 T in the range of 0 to 5 T. Despite the effort, the
magnetic responsive effect observed in PbF2:Er UCNCs is not
pronounced as no magnetic dopant is included in the UCL
material. Additional attempt was made by Rai and co-workers
to observe the magnetic responsive effect of UCL emission in
Gd203 UCNCs. The authors have produced a nanoscale platform
with magnetic Gds+ions for the improved magnetic responsive
effect, resulting in an eight fold decrease of UCL emission under
varying magnetic field. The observation of the magneto-
luminescence was explained in light of the Yb/Er ion cluster pair.
According to the demagnetization study of the UCL material, they
also found that magnetization can be retained in the UCL material
for 1 h. The observed magnetic induced bistability manifests the
magnetic sensing ability of the UCNCs.99

Until recently, Li’s group has found a pronounced magnetic
responsive effect in 3 mol% Nds+ion doped NaGdF4:Nd/Yb/Er
BFSL nanoplates at 300 and 10 K (Fig. 16(a) and (b)). UCL
intensity was decreased by about 60 and 15% compared to the
original value of UCL at room temperature and low tempera-
ture, respectively. In addition, the tunable magnetic responsive
effect was achieved by varying the doping amount of Nds+ions,
and the optimal doping concentration of Nds+ions is 4 mol%
for the best magnetic responsive effect at 20 mol% Yb and
2 mol% Er (Fig. 16(c) and (d)). Their cyclic magnetic field test
(Fig. 16(e)) also indicates the existence of the reversible magnetic
responsive effect in the BFSL sample with less than 5% loss at
300 K and 10 K.97 Notably, this work provides detailed explana-
tions on the observation in Ln doped UCL materials, which may
serve as a fundamental for further novel designs in future UCL
magnetic sensors.

5.5 Temperature and pH sensors

UCL materials are not restricted to biosensing but also tem-
perature and pH sensing. As discussed in the previous section,



Magnatc 1.-_-ic|l

= S
o1 Wavelength / nm
520 240 560 580

500 520 540 560 580

100] w—g o N
1 H‘h‘ \K 1 W g
= "'\-..i__ - S 2% Nd”
@ 0rs s S g1 % M
& = o | ! 3% Nd.-
= oso] 300K .--i oK \| a_ jenng
- 0% Nd_ -
g i N
£ p254 g S028 e
) {Cj Magnatic field / kDe 4ax :,j] : ||:d] Magnatic field / kDa L
TS 3 % 6 & 10 12 W6 2 2 6 83 W@
(e) 100 .
LN
-} ®
" ]
= L
g
B [ ]
2075 L ]
=
E‘ = — Decreasing order -
E ®— increasing order ™
]
0.50 e L ! SR
. 0 4 6 a 10 12
Fig Magnetic Field (KO ) 3+

ions 1 INaUAF4:IN@/ Y b/ET BESL at (a) 3UU K and (b) LU K. Uependence ot the
integral emission intensity of NaGdF4+:Nd/Yb/Er population of Er3+ BFSL
with various levels of Nds3+ doping on the applied magnetic field at
(¢) 300 K and (d) 10 K. (e) Appearance of hysteresis in the integral intensity
of green emission from 4S3/2/2H 11/2 - 4lis/2 transition of Er3+ when the
magnetic field is cycled in between 0 and 12 kOe. (Adapted from ref. 98.
Copyright 2013. Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim. Reproduced
with permission.)

temperature and pH are two important quantities in the
environment and organisms that require fast and sensitive
sensing, and the sensitive response of Ln-doped UC materials
towards temperature is rooted from the close energy levels in
the activator ions. Therefore, the UCL emission intensity ratio
of two close energy levels can be monitored according to the
Boltzmann law. Hexagonal phase NaYF4:Yb/Er is a good candidate
for thermal sensing from 298 K to 318 K because of its high
emission intensity and good temperature resolution (B0.45 K),
yet the resolution for Hos+and Tms+is inferior to that of Ers+
ions.117 Thanks to the deep penetration characteristics of UCL
materials, Capobianco’s group reported an interesting finding
on monitoring the temperature in a single cell by using
NaYF4:Yb/Er UCNCs as a nanothermometer. In their work,
the temperature was regulated by the voltage induced thermal
effect across a resistor from 298 K to 318 K and the HeLa cells
exhibited morphological changes until their death (Fig. 17(a)).
Moreover, the temperature sensitivity was found by observing
the UCL emission intensity ratio at 525 nm (2H11/2 - 4I152) and
545 nm (2S3/2 - al152) with a resolution of about 0.5 K.211
Indeed, the sensitivity of UCL materials in temperature sensing

can be improved by the fluorescent resonance energy transfer
(FRET) process because of spectral overlapping of UCL emission
and absorption of organic dye, as well as superior sensitivity of
organic dye over UCL materials. In addition, Chen et al. reported a
FRET system composed of NaYF4:Yb/Er as a donor and Rhodamine
6G (R6G) as an acceptor. Since the emitting wavelength at
525-560 nm overlaps with the absorption band of R6G, R6G can
emit sharp 575 nm emission (Fig. 17(b)). Fig. 17(c) shows the
decrease of UCL emission from NaYF4:Yb/Er upon increasing
the concentration of R6G due to increased absorption of R6G.
The gradual red shift in the fluorescence of R6G was attributed
to the absorption effect. Based on the FRET system, a hemi-
spherical microstructure photonic device was prepared and the
average temperature sensitivity was estimated to be 1% KA1 over
the whole physiological temperature range (298-318 K) and
2.7% KA1 in the higher temperature region (320-330 K).235

In addition to temperature sensors, Wolfbeis and co-workers
reported a pH sensor fabricated by using NaYF4:Yb/Er nanorods
and bromothymol blue (BTB). BTB is a non-toxic material that
undergoes significant spectral red shift upon changing pH values.
The pH dependent absorption and UCL emission of NaYF4:Yb/Er
nanorods displayed different amounts of overlapping of UCL
emission with the absorption of BTB. Moreover, the pH sensor
can work in the range from pH 6 to 10 with excellent reversibility
tested in a sensor membrane.138 Recently, Yan et al. presented a
reversible pH sensor based on free standing optical hybrid film
composed of PEI coated NaYF4:Yb/Er NPs and graphene oxide
(GO) (Fig. 18(a)—(e)).137 The pH dependent relationship between
theattractionofPEI and GOwas illustrated by isothermal titration
calorimetry, in which increased pH rendered more negative
charges on GO, enhancing the electrostatic attraction for higher
UCL quenching. Fig. 18(f) and (g) show that the UCL emission
dropped about 35% at pH 8 compared to pH 5 while the UCL
intensity exhibits a linear relationship to pH values. To further
confirm the biocompatibility of the pH sensor to biological
samples, the hybrid film sensor was tested in the urine of mice
and the sensor film displayed a linear relationship over the
pH range of 5-8.

5.6 Other potential applications

Counterfeiting of products and documents is a global problem
which costs a great deal of money to the government and
industries. Anti-fake security application based on UCL is not
frequently discussed and reported compared to the biological
applications. Recently, UCNCs offer the potential to satisfy the
demands for anti-counterfeiting applications because of their
small size, low power density NIR excitation, high chemical
stability, good wetting properties and compatibility with trans-
parent security inks. Kim et al. fabricated photopatternable
security ink by synthesizing t-butoxycarbonyl (T-BOC) capped
NaYF4:Yb/Er(Tm) UCNCs.199 T-BOC is a photopatternable ligand
suitable for the preparation of different patterns via photolitho-
graphy in security applications. Importantly, the degree of security
can be enhanced by mixing different layers of UCNCs because
of multi-color UCL emission. In addition, Lu et al. developed
a lifetime encoded document security technique by using
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Fig. 17 (a) (top) Optical transmission images of an individual HeLa cell
at three inner temperatures. Cell death is observed at 45 1C. (bottom)
Temperature of the HeLa cell determined by the Er3+ion fluorescence in
the NaYF4:Yb/Er UCNCs as a function of the applied voltage. (b) UCL from
NaYF4:Yb/Er UCNCs (filled spectrum) under NIR laser excitation, the absorp-
tion and emission from R6G (circle and triangle line). (¢) UCL from NaYFa:
Yb/Er UCNCs with different R6G concentrations. (Adapted from ref. 212 and
236. Copyright 2010 and 2013, American Chemical Society and Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. Reproduced with permission.)

luminescent NaYF4:Yb/Tm UCNCs with tunable lifetime.236 By
using the time-resolved scanning technique, the spatially over-
lapped patterns can be resolved by the remarkable UCL emis-
sion from different layers. Very recently, Meruga et al. reported
the direct printing of UCNCs on paper substrates by aerosol jet
printing.237 In their work, different molar concentrations of
NaYF4:Yb/Er(Tm) were synthesized and carefully overlapped for
multi-color UCL emission, such as red, green, blue (RGB), cyan
and magenta (Fig. 19(a)). Moreover, the fabricated sample can
be used to generate highly articulated print images that are
scalable over a wide range of sizes. Fig. 19(b) shows a printed
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Fig. 18 (a—c) Photographs of the GO-PEI-NaYF4:Yb/Er hybrid film (d) and
(e) SEM images of the side view and the surface of the film. (f) UCL spectra
of the sensor film as a function of pH upon diode laser excitation at
980 nm. (g) The UCL intensity of the sensor film with Fx/Fo plotted against
the pH values. The green point is the measured value of Fx/Fo of the known
B-R buffer solution (pH 6.56). (Adapted from ref. 138. Copyright 2013,
Royal Society of Chemistry. Reproduced with permission.)

quick response (QR) code of about 1.5 cm A 1.5 ¢cm on paper
and the corresponding UCL image of the QR code. This
example shows that UCNCs are not only capable of qualitative
authentication markings, but also of encoding information.

To meet the challenge of expanding counterfeiting, the
security printing industry has been undergoing significant
changes involving technological complexity from single security
ink to multiple-counterfeiting technology. The reason behind
the product upgrade is features of security ink. Counterfeiting of a
single ink features a single, easy to fabricate and identify, but also
easy to imitate and therefore, the fidelity of single security is not
strong. According to the principle described in the previous
section of this review article, UCL materials can possess magnetic
and temperature dependent features besides UCL properties.
Therefore, the degree of security should be increased when using
thestimuliresponsiveproperties ofUCLmaterials.Forinstance,the
magnetic responsive property grafted by the anchoring of super-
paramagnetic IONPs or core—shell designs containing Fe3O4 could
be considered to design dual modal security ink. Nowadays,
portable and dual modal UV/magnetic testers are very popular,
but it seems that there has been no combination of NIR excited
UCL/magnetic security technology in the market so far.

In addition, UCNPs have also found practical applications in
photocatalysis. Titanium dioxide (TiO2) has been well-known
to be an efficient material for photocatalysis so far and the
commercialized Degussa P25 with mixed anatase/rutile phase
is readily available.235,239 The upconverted UV photons from
NIR in Tms+doped UCNPs provide the opportunity to enhance the
photocatalytic performance because of enhanced electron—hole
pair generations.240 However, recent report indicated that not only
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Fig. 19 (a) (top) Schematic representation of the RGB additive color model
by primary-color circles producing secondary colors. (bottom) UCL image of
RGB overlapping circles printed using the UCNC inks under 980 nm excitation
(5 W cmaA2) producing secondary colors. (b) Paper on which the multi-colored
QR code was printed using an aerosol jet printer and the corresponding UCL
image of the multi-colored QR code printed using RGB UCNC ink. (Adapted
from ref. 238. Copyright 2014, Royal Society of Chemistry. Reproduced with
permission.)

Tms+dopedUCNPsareabletoenhancephotocatalysisbutalsoEr3+
doped UCNPs.241 Very recently, Wang et al. prepared and used two
types of core-double shell NaYFa:Yb/Tm(Er)@SiO2@TiO2 UCNPs to
compare their photocatalytic performance in the degradation of
Rhodamine B.242 Unlike the previously mentioned example, they
have successfully extended the absorption band of TiO2 from UV to
about 828 nm. The improved photocatalytic performance under
980 nm laser irradiation is attributed to efficient energy transfer
from the UCNP core to the outer TiO2 shell.

6. Conclusions and perspectives

This review has comprehensively described the underlying
principle and physical mechanisms of the rarely summarized
stimuli responses beyond NIR excitations in UCL materials, such
as magnetic and electric fields, X-ray, electron beams, temperature
and pH. Apart from the magnetization and relaxation, magnetic
dependent UCL is due to an increase in the energy gaps between
splitting of sub-levels with increasing applied magnetic field. On
the other hand, electric field response of UCL materials is attri-
buted to the variation of crystal symmetry in UCL materials under
electricfield,whiletheX-ray responseismainly duetotheintrinsic
X-ray attenuationproperty ofLn dopants and other heavy elements
in UCL materials. Moreover, intense CL emission can be observed
when UCL materials are bombarded by the high energy electron
beam. Temperature responsive UCL materials are mainly due to
the closeness of some energy levels in the activator ions, such as
Er3+and Tms+ions. The close energy levels are readily susceptible
to thermal agitation, and therefore the non-radiative transition
probabilities are affected in those energy levels. Moreover, the
capping ligands, molecules and linkages on the surface of UCL
materials are pH sensitive, therefore changes in pH will induce the
variation in some characteristics of the surface species, leading to
pH response of UCL materials. We have introduced a variety of

techniques suitable for the characterization of stimulus response
of UCL materials. Interestingly, the designs of UCL materials allow
the coupling of single stimulus or multi-stimuli to meet the needs
for a range of applications, such as multimodal bioimaging, drug
delivery and release, electro-optical modulation, magnetic,
temperature, pH sensing and multiple security ink applica-
tions. Despite the significant advances of the reported studies,
the in-depth fundamental and systematic research studies on
the stimulus response of UCL materials are still at the infant
stage. Accordingly, we suggest some future development directions
for new advancements of this field toward this end.

One significant challenge is to observe sensitive magneto-
luminescence. In the future, it is essential to develop high-
performance magneto-optical sensors based on UCL materials.
Perhaps, one may explore novel designs or methods, such as core—
shell structures composed of magnetic layers to enhance the UCL
under low magnetic field. Note that Jia et al. recently observed the
remnantmagneticfieldenhanceddownconversionluminescencein
core—shell CoFe204@Y VO4:Eus+243 and CoFe204/Si02/Y203:Eus+.244
Regarding electric response of UCL materials, our group’s observa-
tionofelectricfieldmodulatedUCLfromBTO:Yb/Erjustopensupa
door for investigating the fundamental mechanism of ferroelectric
based UCL materials and raises hopes for their multifunctional
applications. Apparently, further studies of the relationship between
the UCL modification and ferroelectric properties such as polariza-
tions and domains are highly desired. Furthermore, it would be
interesting to find more systems beyond the BTO host and more
typesbeyondthinfilmswhichhaveasimilarelectric-controlledUCL
effect. On the other hand, it is expected that temperature and pH
responsive applications will move forward into controlled release
agents in biological systems beyond drug delivery and release
applications. Lastly, it should be pointed out that the triggers
responded by UCL materials should not be restricted to the electric
field, the magnetic field, X-ray, the electron beam, temperature and
pH which have been discussed in this article. More stimuli such as
mechanical stress24s246 can be considered to couple into UCL
materials. Very recently, our group had tuned ultrabroadband NIR
luminescence of STO:Ni thin films by using biaxial strain induced
by piezoelectric PMN-PT.247 The proposed strategy can be consid-
ered to expand the study of stimuli responsive UCL materials in the
future. Wehopethatthisreviewcanprovideinspiringideastomake
advances in future in the expanding applications of stimuli respon-
sive UCL materials.
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