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ABSTRACT: Surface modification of inorganic nanomaterials
with biomolecules has enabled the development of composites
integrated with extensive properties. Lanthanide ion-doped
upconversion nanoparticles (UCNPs) are one class of inorganic
nanomaterials showing optical properties that convert photons
of lower energy into higher energy. Additionally, DNA
oligonucleotides have exhibited powerful capabilities for
organizing various nanomaterials with versatile topological
configurations. Through rational design and nanotechnology,
DNA-based UCNPs offer predesigned functionality and
potential. To fully harness the capabilities of UCNPs integrated
with DNA, various DNA-UCNP composites have been
developed for diagnosis and therapeutics. In this review, beginning with the introduction of the UCNPs and the conjugation
of DNA strands on the surface of UCNPs, we present an overview of the recent progress of DNA-UCNP composites while
focusing on their applications for bioanalysis and therapeutics.
KEYWORDS: DNA, upconversion nanoparticles, near-infrared, anti-Stokes emission, nanotechnology, biosensing, bioimaging, therapy

The functionality of most optical materials relies on
down-shifting molecules and nanoparticles, including
organic fluorophores,1 fluorescent proteins,2−4 and

quantum dots,5 which are widely employed in biosensing,6,7

bioimaging,8−10 and cancer theranostics.11 The mechanism of
traditional down-shifting involves excitation by high-energy
photons with the wavelength in the ultraviolet (UV) or visible
range, followed by the emission of lower-energy photons
(short-wavelength light excitation and long-wavelength light
emission).12 By contrast, lanthanide ion-doped upconversion
nanoparticles (UCNPs) are excited by low-energy photons
with the wavelength in near-infrared (NIR) light and emit
high-energy photons at UV or visible light by an anti-Stokes
process.13−17 Hence, UCNPs possess the property of excitation
by long-wavelength light and short-wavelength light emission,
which has shown significant potential use in numerous
biological applications. First, UCNPs excited with light in the
near-infrared region, which is a transparent window, are
suitable to work as probes for biosensing by the avoidance of
background signal noise from samples and the environ-
ment.18,19 Second, since NIR light can penetrate more deeply
than visible light, the UCNPs in deeper tissue can be excited

and emit luminescence for in vivo imaging.20,21 Third, as the
UCNPs are able to transfer NIR light into UV light, the UV
light-based optical control and therapy strategy can be
achieved in vivo with UCNPs.22 Finally, under NIR excitation,
the emitted visible light from UCNPs is available for portable
naked-eye detection.23

Surface modification of UCNPs with biomolecules enables
the development of composites integrated with extended
properties.24,25 Among various biomolecules, oligonucleotides,
such as short DNA strands, have been developed as one class
of functional biomolecules to extend the functionality of
UCNPs. For example, deoxyribozyme has a catalytic
capability,26,27 and aptamers have specific affinity to targets,
including metal ions, small molecules, proteins, cells, and even
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tissues.28−30 Based on Watson−Crick base pairing, DNA
molecules can work as building blocks to construct self-
assembled DNA nanostructures, ranging from one to three
dimensions, such as DNA dendrimers, DNA frameworks, DNA
bricks, and DNA origami.31−34 These static structures are
programmable and shape-predictable, addressing the nanoma-
terials with precise position and specific orientation. Moreover,
based on DNA hybridization and DNA displacement reaction,
dynamic operations can be performed on DNA-tethered
nanostructures, for example, DNA robotics35 and DNA
networks.36,37 Rapid advancements in conjugating DNA on
the surface of nanomaterials have witnessed wide applications
of DNA integrated composites in bioanalysis and therapeu-
tics.38

By engineering DNA molecules on the surface of UCNPs,
termed as DNA-UCNP in the present review, this type of
optical nanocomposite has shown extended potential (Figure
1).39−41 Various articles have reviewed either DNA- or UCNP-

related studies.42−47 Therefore, in this review, we narrow our
scope and focus on the DNA-UCNP composites as a specific
research field. For biosensing, DNA-UCNP sensors, with
UCNPs as the signal reporter, can work in complicated
biological samples, as NIR excitation shows negligible
background and suffers little interference from the environ-
ment.48 Since the single UCNP is much more stable and
brighter than a single fluorescent dye with low background, the
DNA-UCNP sensor can achieve single-particle detection.49

Advantages such as low background, no excitation light
interference, and visible emission contribute to naked eye
detection with DNA-based portable devices.50 For bioimaging,
UCNPs are capable of carrying and protecting single-stranded
DNA (ssDNA) in biological environments, which would
otherwise have difficulty in cell membrane penetration and fast
degradation in blood circulation systems. After modification on
the surface of UCNPs, DNA enters the cells efficiently via
endocytosis,51 and the circulation time of DNA is prolonged in
the form of DNA-UCNP composites.52 More importantly, as
UCNPs are excited by NIR laser, DNA-UCNP composites can
be used for in vivo imaging and therapy.53 Recently, some
studies have reported that photoresponsive DNA could be
regulated by visible or UV light in vitro.54,55 As UCNPs convert
NIR irradiation into UV light, DNA anchored on UCNPs
could be regulated in vivo with NIR excitation.56,57

COMPOSITION AND OPTICAL PROPERTIES OF UCNPS

The general composition of UCNPs consists of an optically
inert inorganic host matrix doped with optically active trivalent
lanthanide ions (Ln3+) (sensitizer and activator) (Figure 2a).58

The host matrix is the carrier of both the sensitizer and
activator. Doped in the host matrix, the activator absorbs
multiple low-energy photons and emits one high-energy
photon. There are many types of Ln3+ that can serve as an
activator, while the primary activator candidates are Er3+ and
Tm3+.59 This is because these two ions have the ladder-like
arrangement of their energy levels, which help to absorb
multiple photons to achieve the upconversion emission (Figure
2b). The upconversion efficiency via directly exciting the
activator is low, as the absorption cross-section of the activator
is small.60 To improve the upconversion efficiency, a sensitizer,
which possesses larger absorption cross-section, is codoped
with the activator. During most of the upconverting process,
the sensitizer absorbs low-energy photons and transfers these

Figure 1. Schematic illustration showing the engineering DNA on
the surface of UCNPs for biosensing, bioimaging, therapy, optical
control, protein regulation, and other applications.

Figure 2. Typical structure and optical property of UCNPs. (a) The structure of component of UCNPs. (b) Partial energy level diagrams of
Er3+ and Tm3+ and proposed upconverting process in Yb3+−Er3+ and Yb3+−Tm3+ codoped UCNPs under irradiation of 980 nm. (c) Emission
spectra of Yb/Er and Yb/Tm codoped UCNPs under irradiation of 980 nm. Reproduced with permission from ref 58. Copyright 2013 Wiley-
VCH.
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photons to the activators. The activators receive several
photons from the sensitizer and then emit one photon with
higher energy. The Yb3+ is the ideal sensitizer candidate, as the
absorption cross-section of Yb3+ in the NIR region (∼980 nm)
is relatively large compared with other lanthanide ions. Yb3+

can also effectively transfer the photon to different kinds of
activators such as Er3+ and Tm3+ (Figure 2b). To make full use
of the performance of activator and sensitizer, an appropriate
host matrix is needed. Numerous host materials were reported,
and the rare-earth ion (RE3+) based on β-NaREF4 (RE = Y, Sc,
and Ln) series has been proven to be the best host matrix.58

The chemical stability and upconversion efficiency of β-
NaREF4 are excellent. Therefore, most of the UCNPs
mentioned in this review will be based on the β-NaREF4.
A typical UCNP composition of NaYF4:Yb, Er, mainly emits

green (∼540 nm) and red (∼655 nm) luminescence under an
irradiation of 980 nm (Figure 2c). The irradiation of 980 nm is
corresponding to the absorption peak of Yb3+. Although Yb3+

can effectively capture photons, the best doping ratio of Yb3+ is
around 20%.61 More or less doping of Yb3+ would decrease the
emission of the activator. The green (∼540 nm) and red
(∼660 nm) emissions are generated from the electron
transition between the 4S3/2−4I15/2 and 4F9/2−4I15/2 of Er3+.
As the activator changed from Er3+ to Tm3+, the UCNPs
comprised of NaYF4:Yb, Tm can emit UV (∼362 nm, from
1D2-

3H6) and blue (∼475 nm, from 1G4−3H6) luminescence
(Figure 2c). The emission at other different wavelengths is also
achieved by doping with other corresponding lanthanide ions.
Although the NaYF4:Yb, Er composition is widely used, the

excitation of 980 nm is not suitable for in vivo applications.
Due to a strong absorption of water at 980 nm, the irradiation
with a 980 nm laser to excite the NaYF4:Yb, Er would lead to a
local temperature increase. The long-time irradiation would
heat the tissue or even cause cell and tissue damage. To
minimize the heat effect of irradiation, another sensitizer Nd3+

is introduced.18 The Nd3+ has multiple excitation bands such
as 730, 808, and 865 nm. Water absorption at these
wavelengths is much lower than 980 nm. Among them, the
irradiation at 808 nm is the best choice to excite the Nd3+, as
the absorption cross-section at 808 nm is pretty large (1.2 ×
10−19 cm2). Based on the above-mentioned properties, Nd3+-
doped UCNPs that are excited by 808 nm laser are preferred
for long-time in vivo applications.

SYNTHESIS AND MODIFICATION OF UCNPS
There are several methods to synthesize lanthanide-doped
UCNPs such as thermal decomposition, hydrothermal syn-
thesis, solvothermal synthesis, sol−gel processing, combustion
synthesis, and coprecipitation.62,63 These different synthetic
routes pursue different properties of easy operation, cheap cost,
high luminescent efficiency, controlled structure, narrow size
distribution, high phase purity, and good dispersity. For the
UCNPs which are used in a bioenvironment, they require to be
a suitable size and shape, possess low toxicity, and have an
appropriate functional surface and bright luminescence. To
meet these requirements, NaREF4-based UCNPs are most
commonly employed. Thermal decomposition and solvother-
mal routes are two typical methods to synthesize high-quality
NaREF4. High-boiling point organic compounds, such as oleic
acid (OA), oleylamine (OM), and 1-octadecene (ODE), are
adopted in these two methods. OA/OM work as both the
solvent and the surface ligand to stabilize the UCNPs by the
coordination of carboxyl group (−COOH)/amino group

(−NH2) with RE3+. Therefore, the desired UCNPs are capped
with the organic ligand. The size, shape, phase, luminescence
intensity, and luminescence ratio (such red/green emission of
Er3+) of resulting UCNPs can be tuned by varying the reaction
temperature, time, and doping ratio of different reactants and
other reaction parameters. It is worth mentioning that the
luminescence efficiency (quantum yield) of UCNPs is low, and
it is largely dependent on the size of UCNPs. With a larger
size, the luminescence efficiency is higher.60 However, for
better use in bioapplications, the size of the UCNPs should be
controlled in a suitable range (below 100 nm).
DNA-UCNP composites are capable of performing numer-

ous applications, as they represent the integration of an
inorganic nanoparticle with a biological polymer. Typically,
UCNPs act as signal emitters, convertors, and carriers.63 DNA
performs different functions, such as target recognition,
material orientation, and signal amplification.64 However, OA
capped UCNPs can only be dispersed in organic solvents with
low polarity, such as cyclohexane and chloroform. To
synthesize DNA-UCNP composites, the UCNPs need to be
transferred from organic phase to aqueous phase and then
proceed with the functional modification. To deal with the OA
on the surface of UCNPs, different strategies, such as ligand
exchange, ligand removement, ligand−ligand reaction, chem-
ical reaction of ligand, amphiphilic ligand encapsulation, and
silica coating, are reported.60 The properties such as the
surface potential, stability, and toxicity of modified UCNPs
largely depend on the surface ligands.65 According to the
further conjugation between DNA and UCNPs, an appropriate
surface modification is adopted. Three main strategies that
have been employed for DNA engineering on the UCNPs
surface are electrostatic adsorption, phosphate group coordi-
nation, and covalent cross-linking.

Electrostatic Adsorption. This is a convenient way to
combine two materials by electrostatic adsorption if these two
materials are of opposite charge. DNA molecules are abundant
with a negative charge on the backbone of phosphate groups
(PO4

3−). Due to this property, UCNPs can adsorb DNA
molecules via surface charge modification.66 For the instance
of OA capped NaREF4, the OA coordinating with RE3+ could
be replaced by introducing the positive ligand with a stronger
coordination ability to RE3+. By the ligand exchange, the
polymer ligand, such as poly(ether imide) (PEI) can effectively
replace the OA.67 These polymers are water-soluble and
entirely positively charged. After the ligand exchange, the
UCNPs were taken with a positive charge. Thus, they are able
to load DNA molecules by positive−negative electrostatic
adsorption.68 There is an easy way to characterize the
adsorption by recording the potential of the composites.
Before the absorption, the positive polymer-modified UCNPs
are of positive charge. After the absorption of DNA, the surface
charge of DNA-UCNP composites turns negative. Although
the adsorption process is convenient with easy character-
ization, DNA may not fully adhere to UCNPs, as the positive−
negative electrostatic adsorption is a relatively weak force.22 By
electrostatic adsorption, the stability of as-synthesized DNA-
UCNP composites is relatively weak, and the loading efficiency
of DNA is limited (30−40 DNA strands per UCNP).69,70

Hence, this method is suitable for applications that load the
DNA into cells and then release the DNA from UCNPs.

Coordination. Ln3+-based UCNPs provide a surface via
the coordination of Ln3+ with electron-rich groups, including
−NH2, −COOH, sulfonate group (SO4

2−), and phosphate
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group PO4
3−.71 The PO4

3− can easily replace the −COOH, as
the coordination between PO4

3− and Ln3+ is stronger than
−COOH and Ln3+.72 Rich phosphate groups on the DNA
backbone create favorable conditions for directing attachment
of DNA on the surface of UCNPs (Figure 3b). For example,
the Lu group reported a user-friendly one-step DNA
modification via the coordination of PO4

3− and Ln3+.73 In a
typical procedure, the OA capped UCNPs dispersed in
chloroform are slowly added into a water solution containing
the DNA. After vigorously stirring for 1 day, DNA was
attached to the surface of UCNPs, and the UCNPs were
transferred into the aqueous phase. Another modification
procedure involves the removal of OA from the surface of
UCNPs to expose Ln3+ and fast coordination of DNA with
UCNPs.74 This method is time saving and highly efficient. The
DNA-UCNP composite synthesized by the coordination
method is stable, and the DNA attached on the surface of
UCNPs is capable of crossing the cell membrane. However,
the DNA may lie on the surface of UCNPs, interfering with the
functions of DNA, for example, the recognition function of
aptamers.73

Covalent Cross-Linking. Forming chemical bonds
between DNA and UCNPs is a common way to engineer
DNA stands on the UCNPs surface. The conjugation via
chemical bonds is stable, which can also avoid DNA leakage.75

Unlike electrostatic adsorption and coordination that use
natural DNA, the conjugation requires modified DNA. There
are many inexpensive routes for modifying DNA with
functional groups, and most of them are commercialized.
Among them, −NH2 and −SH (thiol) are commonly adopted
groups for the conjugation. The UCNPs also need to be
functionalized with a group to conjugate with the correspond-
ing modified DNA. The −COOH is a typical functional group
used for conjugation with amine-modified DNA through 1-
ethyl-3-(3-(dimethylamino)propyl) carbodiimide hydrochlor-
ide (EDC)/N-hydroxysuccinimide (NHS) coupling.24 To
modify the UCNPs with −COOH, one popular method is
ligand exchange. For instance, poly(acrylic acid) (PAA) is used
to replace the OA and modify the UCNPs with a carboxyl
group.76 In addition to the ligand exchange by poly acid, Liu et
al. reported a convenient method to transfer the OA capped
UCNPs into an aqueous phase and modify the UCNPs with
−COOH simultaneously by the small molecule ligand, 3,4-

dihydroxyhydrocinnamic acid (DHCA).77 DHCA can replace
the OA by the formation of a five-membered metallocyclic
chelate. The DHCA capped UCNPs disperse in water, and the
carboxyl group of DHCA can conjugate with amine-modified
DNA through EDC/NHS coupling. This method is facile and
low cost, but the cross-linking efficiency between −COOH and
−NH2 by EDC/NHS is not high. The DNA conjugated on
UCNPs via small-molecule ligand is close to the surface of
UCNPs, as the surface coating of DHCA is thinner than the
PAA. To improve the cross-linking efficiency between the
UCNPs and DNA, Liu et al. reported another ligand N-(2-
[3,4-dihydroxyphenyl]ethyl) acrylamide (dopamine acryla-
mide) to modify the UCNPs.40 The structure of dopamine
acrylamide is similar to DHCA, and there is an alkenyl group
on the dopamine acrylamide. The dopamine acrylamide can
effectively replace the OA via a five-membered metallocyclic
chelate. The alkenyl group can conjugate with thiol modified
DNA via a thiol−ene click reaction. This thiol−ene
conjugation is fast, highly efficient, stable, and more robust
than the EDC/NHS coupling. With the surface ligand used as
the linker to conjugate the DNA and UCNPs (70−80 DNA
strands per UCNP),78,79 the DNA is connected to UCNPs
indirectly via a surface ligand, so the impact on the functions of
DNA would be reduced (Figure 3c).80

APPLICATIONS FOR DNA-UCNP
Biosensing. DNA-UCNP composites are promising for

biosensing applications based on the distinct optical features of
UCNPs. First, the DNA-UCNP-based probes are excited by
NIR irradiation (980 or 808 nm), at which there is hardly any
interference from the environment. Second, the anti-Stokes
emission of UCNPs further reduces the autofluorescence
background, as most of the autofluorescence interference
follows the Stokes process. Third, there are numerous UCNPs’
emissions located within the visible region, which can be
observed by an unaided human eye. There is no excitation light
interference from the NIR irradiation, so the UCNPs are
suitable for naked-eye detection. Finally, the same sensitizer
(Yb3+ or Nd3+) and different activator doped UCNPs can emit
several different luminescence under the excitation of the same
irradiation. The multiple color emissions help with multitarget
detection. With those advantages, DNA-UCNP is widely
employed in biosensing.

Figure 3. Three strategies of tethering DNA on the surface of UCNPs. (a) Electrostatic adsorption between DNA and UCNPs. (b) Phosphate
group on DNA backbone coordinated with the lanthanide ion of UCNPs. (c) Covalent cross-linking between DNA and UCNPs.
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Aptamer-based biosensing. Functional nucleic acids have
been widely used in biosensing and diagnosis.81 Among them,
aptamers, single-stranded DNA or RNA, have the ability of
molecular recognition with high selectivity and affinity.82

Aptamers are generated and isolated through an in vitro
selection technique known as systematic evolution of ligands
by exponential enrichment (SELEX).83 In SELEX, trillions of
random oligonucleotide sequences are used as the library. After
multiple rounds of SELEX, the sequences that can specifically
recognize the target with high affinity are collected. Combining
the intrinsic advantages of aptamers for binding capacity,
aptamer-tethered nanostructures continue to receive abundant
research and investigation.38

Based on the merits of aptamers in biosensing, DNA
aptamer-modified UCNPs have been used for rapid and
ultrasensitive detection. UCNPs have the advantages of low
background from excitation light and stable and bright
emission compared to other fluorophores. This contributes
to sensitive detection by the signal change of UCNPs. As early
as 2014, the Yuan group modified a lysozyme-binding aptamer

(denoted as LBA) on the surface of UCNPs for latent
fingerprint detection (Figure 4a).84 Lysozyme collected from
human hands is recognized as a universal target in fingerprints.
At the fingerprint region, LBA recognized and bound with its
target lysozyme. To visualize the lysozyme aptamer and show
the fingerprint, the UCNPs-LBA conjugate, prepared by
labeling LBA with bulk UCNPs (NaYF4: 20%Yb, 2%Er) via
covalent conjugation, was submitted to NIR excitation. When
treating the fingerprints with UCNPs-LBA, the UCNPs-LBA
bound to fingerprints through the recognition of lysozyme in
the ridges. Under the excitation light of λ = 980 nm, the marble
substrate of fingerprint showed no fluorescence, while the
UCNPs-LBA in the ridges showed a clear green luminescence
image without any interference from background fluorescence.
Without background interference and green emission of
UCNPs-LBA, the fingerprint image was clear, and specific
details of the fingerprint pattern, such as arches and
termination points, could be easily observed. To show the
excellent performance of UCNPs, other fluorophores with
similar green emission around 540 nm, such as the organic dye

Figure 4. DNA engineering on UCNP surface for biosensing. (a) Lysozyme-binding aptamer modified on the surface of UCNPs for latent
fingerprint detection. Reproduced with permission from ref 84. Copyright 2014 Wiley-VCH. (b) FRET aptasensor based on UCNPs-AuNPs
for the detection of E. coli ATCC 8739. Reproduced with permission from ref 85. Copyright 2017 Elsevier. (c) Portable aptamer-modified
UCNPs-based device for the detection of drug abuse. Reproduced with permission from ref 86. Copyright 2016 American Chemical Society.
(d) Visualization and quantitation of two steroid hormones by dual aptamer-UCNP biosensors. Reproduced with permission from ref 50.
Copyright 2017 Wiley-VCH. (e) Portable biosensor for mRNAs in barley by oligonucleotide-linked GO UCNPs. Reproduced with
permission from ref 76. Copyright 2018 American Chemical Society.
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carboxy fluorescein (FAM) and inorganic nanoparticle CdTe
quantum dots (QDs), were modified on LBA to imaging the
fingerprint. When treating the fingerprints with FAM-labeled
LBA (FAM-LBA), the FAM-LBA bound with lysozyme in the
ridges, showing the fingerprints. However, under the excitation
light of λ = 365 nm, the substrate of fingerprints showed strong
purple fluorescence, and the other region beyond the ridges
showed the background fluorescence, making it difficult to
identify the ridges of fingerprints. The imaging of the
fingerprints by QDs-labeled LBA was similar to the imaging
by FAM-LBA, demonstrating the superiority of UCNPs in
biosensing under complex environments.
In addition to the “always-on” strategy for biosensing with

aptamer-engineered UCNPs, the concentration-dependent
DNA-UCNP biosensors were developed. For example, the
Lu group designed a fluorescence resonance energy transfer
(FRET) aptasensor with a “turn on” signal for the detection of
bacteria based on UCNPs-gold nanoparticles (AuNPs) (Figure
4b).85 The AuNPs are widely used as quenchers because
AuNPs can effectively quench the luminescence of various
fluorophores. In their design, a bacteria-targeting aptamer was
labeled with AuNPs, and the UCNPs were modified with the
complementary DNA (cDNA) of the aptamer. AuNPs were
attached to the UCNPs by DNA hybridization between cDNA
and aptamer. In the absence of target bacteria (e.g., E. coli
ATCC 8739), the luminescence of UCNPs was quenched by
AuNPs via the FRET between AuNPs and UCNPs. However,
in the presence of target bacteria, the AuNPs-labeled aptamer
recognized and bound bacteria, releasing the AuNPs from
cDNA-modified UCNPs, thereby recovering the luminescence
of UCNPs. The concentration of AuNPs-aptamers is known to
affect the limit of detection (LOD). By optimizing the dosage
of complementary UCNPs-cDNA and AuNPs-aptamers,
ultrasensitive detection was achieved. Since the aptamer
recognizes the target with high affinity, this UCNPs-AuNPs
FRET aptasensor could detect the target bacteria efficiently
and rapidly with an LOD down to 3 cfu/mL.
Portable devices were fabricated for visual detection based

on a continuous near-infrared laser exciting UCNPs to
generate a luminescent emission at a wavelength within the
visible region.86 The Liu group reported a portable aptamer-
modified, UCNPs-based device for the detection of drug abuse
(Figure 4c). In this study, the anticocaine aptamer (ACA),
which is against the target cocaine, was cut into two ssDNA
pieces, ACA-1 and ACA-2. Then, ACA-1 was conjugated with
UCNPs, while ACA-2 was attached to AuNPs. In the absence
of cocaine, no interaction occurred between ACA-1 and ACA-
2, while the UCNPs remained bright. In the presence of
cocaine, the previously split aptamer ACA-1 and ACA-2 self-
assembled to now work as an intact aptamer that recognizes
cocaine, dragging AuNPs close to UCNPs. Due to the well
match of the absorption of AuNPs and the emission of
UCNPs, the luminescence of UCNPs was quenched by
AuNPs, resulting in the luminescence attenuating. The
attenuation of luminescence from UCNPs could be detected
by the naked eye and recorded by a smartphone camera. The
signal of UCNPs was easily transferred to RBG intensity with a
smartphone for quantitative analyses, with the LOD of 10 nM
in aqueous solution and 50 nM in human saliva, making the
monitoring process convenient.
By changing the activator (Er3+/Tm3+/Ho3+) doped in

UCNPs, under the same irradiation (980 nm laser for the
Yb3+), multicolor emissions of UCNPs are achieved, which

facilitates multiplex target detection.50 The Yuan group
achieved in situ visualization and quantitation of two steroid
hormones by dual aptamer-UCNP biosensors (Figure 4d). By
changing the types and the ratio of doped lanthanide ions in
UCNPs, emission with either blue or red luminescence was
achieved. Two types of UCNPs (NaYF4:Yb, Er/Mn and
NaYF4:Yb, Tm) with different emissions (red and blue
respectively) were then modified with two aptamers to
recognize different hormones, respectively. Finally, two
aptamer-UCNPs were conjugated to graphene oxide (GO),
as a fluorescent quencher for assay, by hydrogen bonding and
π−π stacking between GO and aptamers. In the absence of the
target, the blue and red luminescence was weak due to the
quenching effect of GO. However, when a single target 17β-
estradiol was introduced, the blue luminescence was enhanced
based on 17β-estradiol binding with the aptamer that was
conjugated with blue UCNPs, releasing UCNPs from GO. The
red luminescence remained unchanged since the pure 17β-
estradiol could not bind the aptamer conjugated with red
UCNPs, and the remaining red UCNPs conjugated with GO.
Again, when single target progesterone was added, the red
luminescence was enhanced, and the blue luminescence
remained unchanged. Finally, when two targets were
introduced simultaneously, both blue and red luminescence
were enhanced, and a magenta luminescence appeared owing
to the enhanced blue and red mixture. The luminescent image
could be monitored by the naked eye and recorded with an
unmodified smartphone camera. This visual detection strategy
provided for simultaneous detection of multiple targets, thus
having potential in medical diagnosis and disease evaluation.
Besides the anti-Stokes emission, the UCNPs have another

distinct optical feature of a long luminescent lifetime. Taking
advantage of this feature, the Lee group reported a versatile
and sensitive biosensor by luminescent compact in vitro
diagnostics (LUCID) for in vitro mobile diagnoses.87 LUCID
adopted UCNPs with a long luminescent lifetime as the signal
reporter, and DNA, or antibodies, was adopted as the
recognition group. The luminescent lifetime of as-synthesized
UCNPs was as long as 5 ms. Usually, the autofluorescence
from the environment attenuates to elimination in 20 ns.88

With time-resolved technology, no background signal from the
environment occurred, while the luminescent signal of UCNPs
was captured with a 1 ms delay. The signal-to-noise (SNR)
ratio could be further improved by repeated time-gated
imaging with smartphones. The aptamers of thrombin and
oligonucleotides complementary to bacterial DNA were
labeled with UCNPs to achieve sensitive detection. The
LOD for thrombin and bacterial DNA was 0.5 pM and 0.1 pM,
respectively, which was superb to reported aptasensor (for
thrombin) and that of the SBYR green-based PCR (for
bacterial DNA).89

DNA Hybridization-Based Biosensing. Apart from the
recognition of aptamer, the DNA strand could hybridize with
the RNA strand by complementary base pairing, enabling RNA
detection.90 DNA-labeled UCNPs can be employed to detect
RNA in stock solutions, viruses, and cells. For example,
Kanaras et al. developed a portable biosensor for mRNAs in
crops (e.g., barley) by oligonucleotide-linked graphene oxide
UCNPs (Figure 4e).76 The DNA-modified UCNPs were
attached to graphene through hydrogen bonding and π−π
stacking between the aromatic molecules and nucleobases,
resulting in quenching of UCNPs luminescence. In the
presence of complementary targeted mRNA, the mRNA
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hybridized with DNA, forming a double strand. The DNA-
RNA double-strand avoided the adsorption of UCNPs onto
graphene oxide and recovered the luminescence of UCNPs.
The targeted mRNA was detected by the luminescence of
oligonucleotide-modified UCNPs. In contrast to the traditional
detection of RNA which involves such complicated steps as
reverse transcription or DNA amplification, the RNA extracts
from foots and roots were directly used to the detection. The
detection process was fast and convenient. With a portable 980
nm laser source, the visible emission from the oligonucleotide-
modified UCNPs could be observed by the naked eye or with a
smartphone lens, enabling this nanotechnology for agricultural
use.
Various types of RNA play important roles in human life.

Some, such as mRNA, microRNA, and noncoding RNA, are
tumor-related; as such, the detection of these types of RNA
could be used for cancer diagnoses.91 Accordingly, the Yuan
group fabricated a DNA-UCNP-based naked-eye device for the
detection of tumor-related mRNA for clinical diagnoses. The
DNA-UCNP associated with GO showed weak luminescence.
In the presence of target mRNA, the DNA hybridized with the
target mRNA, resulting in dissociation from GO and the
recovery of luminescence. To achieve portable detection with
the naked eye, photonic crystals (PCs) were introduced to
enhance the signal of UCNPs. The detection limit was
determined to be 0.01 nM. The overexpressed mRNA from a
patient’s sample was detected, demonstrating the applicability
of such device could be applied in cancer diagnosis.

Bioimaging. Based on the feature of NIR excitation and
anti-Stokes emission, DNA-UCNP composites were employed
to image analytes efficiently without autofluorescence interfer-
ence and with deep penetration.12 In the application of cell
imaging, NIR excitation of DNA-UCNP produces weak
autofluorescence from the endogenous components in cells,
as the NIR region is the transparent window for bioimaging.92

Most of the interference emits autofluorescence with a longer
wavelength, while the DNA-UCNP emits a signal with a
shorter wavelength. As a result, the autofluorescence from the
environment would negligibly interfere with the signal of
DNA-UCNP.93 For in vivo imaging, the NIR light could
penetrate deeply into tissue.94 This is because light with a
longer wavelength can penetrate deeper into tissue. Although
the emission of DNA-UCNP is of a shorter wavelength (e.g.,
excited by 980 nm and emit 520−540 nm), the imaging by
DNA-UCNP is deeper (∼2 mm) than the other optical
materials like FAM (excited by 488 nm and emit 520−540
nm).57 Because the imaging depth is dependent on both
excitation and emission, the dye within both excitation and
emission within the visible region (e.g., FAM) is limited to cell
imaging, while the dye with excitation at the visible region and
emission at NIR region (e.g., λex = 488 nm and λem= ∼ 685
nm) can be used for in vivo imaging.95 Similarly, the dye with
anti-Stokes emission that is excited by NIR light and emits
visible light (e.g., λex = 760 nm and λem = 450−500 nm) has a
deeper imaging depth (∼300 μm).96 Compared to the NIR
dyes, DNA-UCNP suffers less from autofluorescence as the

Figure 5. DNA-UCNP composites for imaging. (a) Core−shell upconversion luminescent nanoprobe for in situ imaging of microRNA in
living cells. Reproduced with permission from ref 101. Copyright 2019 American Chemical Society. (b) CHA-based nanoamplicon
comparator for microRNA imaging in living cells. Reproduced with permission from ref 78. Copyright 2019 American Chemical Society. (c)
Satellite assemblies for dual-mRNA detection in vivo. Reprinted with permission under Creative Commons Attribution License 4.0 (CC BY)
from ref 104. Copyright 2019 National Academy of Sciences.
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anti-Stokes emission of UCNPs. Compared to the fluoro-
phores with similar anti-Stokes emission, the luminescence
efficiency of UCNPs is much higher. For the as-mentioned
advantages above, the DNA-UCNP is suitable for imaging.
The efficiency of cellular internalization of DNA molecules

is limited.97 However, the particle-liked DNA-UCNP compo-
site enhanced the endocytosis of DNA probes. It has been
systematically studied that the endocytosis mechanism of
DNA-shelled nanoparticles containing DNA self-assembled
nanoparticles.98,99 DNA-UCNP, one of the DNA strand-
modified inorganic composites and structurally similar to
core−shell spherical nucleic acid, was transported to the acid
endo/lysosomal compartment of living cells and then escaped
to the cytoplasm for bioimaging.22,69,70 Based on comple-
mentary base pairing between DNA and RNA strands, DNA-
UCNP can recognize RNAs. The DNA-UCNP composite can
easily penetrate the cell membrane by endocytosis with a long
circulation time, making the constructed nanoprobes more
suitable for imaging RNAs in vivo.51 Since the concentration of
RNAs in living cells is much lower compared to other life-
related biomolecules, the DNA-UCNP exhibits high sensitivity
to detect RNAs in vivo.100

The Zhu group reported an upconversion luminescent
nanoprobe for in situ imaging of microRNA in living cells.101

This nanoprobe was constructed by modifying a cDNA on the
surface of UCNPs with electrostatic adsorption to form a
core−shell structure. The cDNA, against microRNA 21 (miR-
21), was labeled with two different dyes that could quench the
luminescence of UCNPs by LRET. Compared to labeling a
single acceptor on DNA, dual-acceptor-labeling on cDNA
showed a higher quenching ability, efficiently reducing
background and improving sensitivity (Figure 5a). The
core−shell UCNPs were especially synthesized to enhance
the quenching efficiency further. In the as-synthesized UCNPs,
the emitting ions were confined in the shell to draw the energy
donors close to the acceptors, which increases the quenching
efficiency.102 In the absence of miR-21, the nanoprobe emitted
weak luminescence owing to the quenching mechanism of the
dual acceptors. In the presence of miR-21, on the other hand,
cDNA recognized the miR-21 and formed a rigid duplex,
resulting in dissociation from UCNPs and luminescence
recovery. The dual-acceptor-based upconversion nanoprobe
could detect miR-21 sensitively with a LOD of 11.2 pM.
Because of the excellent detecting property, this nanoprobe
was further applied to image miR-21 in living cells. In addition,
the nanoprobe was incubated with different cell lines, resulting
in different luminescence intensities, which corresponded to
miR-21 expression in these cells.
In addition to the improvement of sensitivity, signal

amplification is indispensable for imaging trace RNAs in living
cells. Catalytic hairpin assembly (CHA) is a classical method of
signal amplification to detect RNAs in low concentration.78

The Ding group combined CHA with UCNPs to construct a
nanoamplicon comparator for microRNA imaging in living
cells (Figure 5b). The CHA consisted of two types of DNA,
H1 and H2-F. While H1 was conjugated on the surface of
UCNPs, forming the spherical nucleic acids UNP-H1, AF555
(λem= 572 nm) labeled H2-F was complementary with the H1,
which could accept the luminescence of UCNPs by LRET. In
the absence of target microRNA, as H1 and H2-F were both
hairpin structures, H1 cannot hybridize with H2-F. Under the
excitation of 980 nm laser, the luminescence of UCNPs was
strong, while no fluorescence from H2-F was observed. In the

presence of the target microRNA, CHA between H1 and H2-F
took place. By the hybridization of H2-F and H1, the AF555
labeled on H2 was brought to the surface of UCNPs, followed
by LRET between UCNPs and AF555, resulting in increased
fluorescence at 572 nm. The detection limit was calculated to
be 1.02 nM. The nanoamplicon comparator was used to image
the miRNA in MDA-MB-231 cells. The addition of either
UNP-H1 or H2-F cannot emit fluorescence at 572 nm, while
the signal was obtained by simultaneous addition of both
UNP-H1 and H2-F. When the nanoamplicon comparator was
incubated with different cell lines, such as MDA-MB-231,
HeLa, and MRC-5, the imaging of miRNA was different.
Quantitative reverse-transcription polymerase chain reaction
(qRT-PCR) was performed to detect the miRNA in all three
cell lines. The results of qRT-PCR corresponded to the
imaging intensity of the nanoamplicon comparator which, in
addition, could provide in situ spatiotemporal data, otherwise
unattainable by qRT-PCR.
Since noble metal nanoparticles show higher quenching

efficiency to the luminescence of UCNPs than organic
fluorophores, the Kuang group constructed satellite assemblies
for mRNA detection in living cells.103 The satellite assemblies
consisted of DNA1-functionalized Au nanorods coated with a
layer of platinum (AuNR@Pt) and DNA2-functionalized
UCNPs. AuNR@Pt with a complex structure is a better
quencher to effectively quench the luminescence of UCNPs.
DNA1 and DNA2, respectively, hybridized with the different
domain of DNA3, their cognition sequence to target mRNA
(thymidine kinase 1 (TK1) mRNA), connecting AuNR@Pt
and UCNP to form satellite assemblies. The UCNPs in the
satellite assemblies were quenched by AuNR@Pt, resulting in
weak luminescence. After TK1 mRNA hybridized with DNA3
to dissociate DNA1 and DNA2, UCNPs were released from
AuNR@Pt, and the luminescence of UCNPs was recovered. In
this construction, luminescence at different wavelengths, such
as emission of 542 and 660 nm, was quenched, and even
multiple UCNPs could be quenched by a single AuNR@Pt,
giving the satellite assemblies the high sensitivity (LOD of 0.67
fmol/10 μg RNA) required to detect mRNA in living cells.
MCF-7 cells treated with tamoxifen or β-estradiol for down/
upregulating TK1 mRNA were used. When incubated with
core−satellite assemblies, the luminescence intensity of
confocal imaging with 980 nm excitation was enhanced by β-
estradiol-treated cells, but decreased by tamoxifen-treated cells.
When qRT-PCR was applied to measure the amount of TK1
mRNA in different cells, it showed a linear relationship
between confocal luminescent intensity and the concentration
of TK1 mRNA quantified by qRT-PCR, demonstrating that
core−satellite assemblies could be used for quantitative
imaging of TK1 mRNA in living cells.
Although the multicolored emission of UCNPs was used in

the study mentioned above, the two peaks of luminescence
changed simultaneously as the AuNR@Pt could quench the
two luminescence emissions effectively. Based on previous
studies, the Kuang group engineered AuNR-UCNP assemblies
for dual-miRNA detection and in vivo imaging to achieve
multiplexed imaging of RNAs by multicolored UCNPs (Figure
5c).104 In these AuNR-UCNP assemblies, the core−satellite
structure in the above research was adopted with modifica-
tions. In the improved AuNR-UCNPs, two organic dyes,
TAMRA and Cy5.5, were modified on the end of DNA close
to UCNPs, respectively. Since the spectra of TAMRA and
Cy5.5 were overlapped with the two emission peaks of
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UCNPs, LRET could be generated from the UCNPs to the
dyes. In the AuNR-UCNP assemblies, the luminescence of
UCNPs was quenched partially, while the fluorescence of
organic dyes was quenched completely. The UCNPs with the
dye were released via miRNA-triggered disassembly, resulting
in the recovery of the fluorescence of the organic dye. Since
TAMRA and Cy5.5 were labeled on the end of two different
DNA sequences which recognized two miRNAs respectively,
multiplexed recognition of RNAs was achieved. With negligible
overlap between the emission of TAMRA and Cy5.5, miRNA
triggered fluorescence independently, and simultaneous
imaging of miR-21 and miR-200b was achieved. The sensitivity
of AuNR-UCNP assemblies was high, and the LOD was as low
as 3.2 zmol/ngRNA. This could be attributed to the output
signal which originated from the fluorescence of organic dye by
LRET instead of the luminescence of UCNPs. With the
advantage of NIR excitation, the imaging of RNAs in vivo was
achieved. Nude mice were treated with HeLa cells to generate
tumor xenografts, and the AuNR-UCNP assemblies were

injected by tail vein to imaging the miRNAs in the tumor. The
signal collected from the TAMRA and Cy5.5 reflected the
concentration of miR-21 and miR-200b at the tumor,
respectively. Therefore, the AuNR-UCNPs assemblies were
able to imaging dual-miRNA in vivo.

Therapy. The toxicity of UCNPs is an important
characteristic for their application in therapy. There are
many reports on cytotoxicity tests by methyl thiazolyl
tetrazolium (MTT) and (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, so-
dium salts (MTS) assays show that UCNPs are noncytotoxic
to a broad range of cell lines.21 Actually, the cytotoxicity is
highly dependent on the surface ligand. Wong et al. modified
UCNPs with three different polymers: PEI, PAA, and PVP.
The PEI-modified UCNPs show much higher cytotoxicity
toward both HeLa and U87MG cells than PAA-modified
UCNPs with a dosage of 0.5 mg/mL for 24 h. This is because
PEI has been reported to convey severe cytotoxicity.105 The
PAA modified UCNPs showed negligible cytotoxicity and were

Figure 6. DNA engineering on the surface of UCNPs for therapy. (a) Targeted photodynamic therapy nanoplatform using an aptamer-
guided G-quadruplex DNA carrier and NIR light. Reproduced with permission from ref 67. Copyright 2013 Wiley-VCH. (b) An aptamer-
modified UCNP for photodynamic therapy. Reproduced with permission from ref 75. Copyright 2018 Royal Society of Chemistry. (c)
Azobenzene-modified DNA-UCNP composite for NIR light-controlled drug release. Reproduced with permission from ref 116. Copyright
2019 Wiley-VCH.
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investigated in vivo. These investigations showed no obvious
toxicity of PAA-coated UCNPs. The mice injected with PAA-
coated UCNPs showed no abnormal behavior and body weight
fluctuation with an administration of a dose of 15 mg/kg of
PAA-coated UCNPs for about 3 months.106 However, the
clinical evaluation in the human body remains unexplored.
In traditional cancer treatment, chemotherapy and radiation

are the two main strategies that have been widely adopted, but
their side effects still exist. While cancer cells are killed during
the treatment process, normal cells and tissues are damaged,
calling for the development of targeted cancer therapy.
Although targeted ligands, such as folic acid, peptides, and
antibodies, were reported for constructing drug carriers,107

engineering aptamers with DNA nanostructures would
undoubtedly yield excellently targeted drug delivery carriers.108

Once cancer cells are set as the target, aptamers targeting
cancer cells can be screened. In contrast to antibodies,
aptamers have several advantages. First, aptamers are smaller
in size.109 This allows for the aptamer to penetrate deep into
cancer tissue more efficiently. Second, the ease of modification
endows aptamers with different functions, such as in vivo
bioimaging and targeted therapy. For instance, aptamer-
functionalized liposome has been utilized for bone anabolic
strategies.110 Also, the ability to sustain denaturation and
nontoxicity plays a vital part in using aptamers to develop
therapeutic systems. Recent research progress has drawn more
interest toward aptamer-drug conjugates.111 Therefore, ap-
tamer-tethered nanostructures are promising candidates for
developing targeted drug transport platforms with enhanced
target specificity and binding affinity. Types of drugs used to
form aptamer-drug conjugates not only cover cytotoxic agents
like doxorubicin (DOX), docetaxel, daunorubicin, and
cisplatin, or toxins like gelonin, but also photosensitizers for
photodynamic therapy (PDT).112

PDT is an illumination-triggered therapy that kills cancer
cells by reactive oxygen species (ROS).113 Compared to
traditional therapies, such as chemotherapy and radiotherapy,
PDT is regarded as a safer and more target-selective cancer
treatment strategy based on the negligible drug resistance, few
side effects, low toxicity, and minimal invasion.114 To further
reduce the side effects experienced by normal cells, DNA
aptamers have been used for targeted PDT. As visible light is
required for most photosensitizers to generate ROS, the short
wavelength of incident light limits their otherwise extensive
potential in widespread applications. Therefore, UCNPs,
converting NIR irradiation to visible light, are promising
candidates to overcome this limitation. For example, Yuan and
Wu et al. reported a NIR-triggered nanoplatform for targeted
PDT composed of photosensitizers, a G4-aptamer, and
UCNPs (Figure 6a). The photosensitizer TMPyP4 was
bound to G-quadruplexes of G4-aptamer through π−π stacking
and electrostatic interactions, while the G4-aptamer was linked
to UCNPs by covalent conjugation.67 Under the irradiation of
980 nm laser, the NIR light was transferred to visible light by
UCNPs, resulting in target cell recognition. To bind the
photosensitizer stably and close to UCNPs, Hou and Liu et al.
developed another method to modify the aptamer and
photosensitizers on UCNPs through a covalently conjugated
photosensitizer-aptamer-UCNP structure (Figure 6b).75 The
conjugation between photosensitizer and UCNPs avoided the
leakage of photosensitizer, and the distance between PS and
UCNPs was optimized for high energy transfer efficiency, thus
enhancing the ability for targeted cancer therapy.

To improve the efficiency of PDT in early stage cancer, the
Ju group developed an RNA-responsive amplified PDT by
DNA-UCNP composite. The hybridization chain reaction
(HCR) was introduced to the DNA-UCNP to activate and
amplify the photosensitizer labeled on the DNA strand. A
photozipper-protected hairpin was modified onto the surface
of UCNPs, along with two hybridizable hairpin probes (H1
and H2) labeled with photosensitizer and quencher,
respectively. With the trigger of UV emission from the
UCNPs, H0 was cleaved and then hybridized with miRNA-21
to trigger HCR between H1 and H2. The following cascade
reaction activated the photosensitizer. Under a 808 nm laser,
the UCNPs emitted a luminescence of 450 nm, resulting in
photosensitizer-generated ROS to kill the cancer cells. The
strategy of miRNA-responsive NIR PDT was a way to
implement precision therapy, and the amplification by HCR
ensured that the low abundance of miRNA could trigger
enough PDT.115

Although the strategy of targeted drug delivery has
minimized drug toxicity toward normal cells, side effects
resulting from uncontrollable overdose are inevitable. To
overcome this obstacle, the Ju group reported an NIR light-
controlled drug release strategy with UCNPs and azobenzene-
modified DNA composite.116 The azobenzene-modified DNA
helix was loaded with Dox and able to kill cancer cells. In the
absence of 980 nm irradiation, Dox was stably loaded on the
DNA helix with a minor release. However, upon 980 nm
irradiation, the UCNPs emitted UV and visible light, resulting
in the reversible isomerization of azobenzene between its cis
and trans forms. The configurational changes triggered DNA
hybridization and dehybridization. Dehybridization caused the
release of Dox loaded on the DNA helix. Therefore, the 980
nm laser realized controllable drug release of DNA-UCNP
composite (Figure 6c).
In this field, more efficient drug delivery methods should be

developed to conquer the circumvent biological barriers for
clinical therapy. Dosage, duration, toxicity, and variation
between individuals should be considered during the develop-
ment of therapeutics. These are all factors that may address the
call for the entry of more smart drugs in the pipeline, while
realizing controllable release by, for example, pH, mRNA, and
enzymes. Thus, by combining DNA logic operation with the
development of DNA nanoprocessors, small and biocompat-
ible devices for personalized medicine can be the next thrust in
this field. It is expected that the study of DNA-UCNP will
show different perspectives toward designing and tailoring
nanomaterials with desired features and functions to meet the
needs of society for enhanced healthcare.

Optical Control. An optically controlled reaction utilizes
light to trigger a chemical reaction.117 By tuning the
illumination power area and time of light, the reaction could
be controlled.118 These kinds of illumination-activated
reactions are resistant to the interference of external
conditions, making them suitable for complex environments.
Compared with electric and thermal controlled reactions,
optically controlled reactions are noninvasive to the environ-
ment, which is biocompatible with biological samples. So the
optically controlled reaction affords a tool to control the
chemical reaction in complex biological milieu.119 Recent
advancements of bioanalysis require the precise activation of a
probe in a target area.70 The feature of spatiotemporal
resolution of light gives the optically controlled reaction
more accuracy in bioanalysis. For these reasons, the optically
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controlled reaction is widely used for biosensing, bioimaging,
and therapy in living cells or in vivo. Several optically triggered
DNA probes are used for bioimaging and therapy.54,55 Most
optically controlled photoresponsive groups in DNA require
UV light that has adequate power to trigger the reaction.
However, the penetration depth of UV light is limited,
confining most applications for deep tissue, especially in vivo.56

To trigger the light reaction with sufficient depth and
penetration power, NIR light is needed. UCNPs are ideal
candidates to meet the demand of NIR excitation with UV
emission. Li and Lu et al. developed a series of NIR light-
initiated DNA and UCNPs nanodevices for luminescence-
activated applications with spatiotemporal resolu-
tion.61,66,105,108

Functional small molecules play important roles in human
life. ATP at the center of metabolism is indispensable, and the
fluctuation of ATP may be evidence of abnormalities in the
human body. Recent studies have reported that DNA,
modified with photoresponsive units, could be regulated by
visible or UV light in vitro.54,55 The Li group designed a
luminescence-activated nanodevice composed of UCNPs and a
UV light-activatable DNA aptamer probe for ATP sensing
(Figure 7a).69 The ATP aptamer was locked by hybridizing a
cDNA strand. The cDNA contained a photocleavable (PC)
group that would be cleaved by the illumination of UV light.
Under the illumination of a 980 nm laser, UCNPs could emit
UV luminescence to trigger the cleavage of the PC group,
releasing the cDNA. Then, the ATP aptamer was unlocked to
detect ATP. In this design, the nanodevice cannot respond to
ATP without the illumination of an NIR laser. As ATP is
dispersed throughout the body, the control of laser to target
area could reduce undesirable recognition. Based on the
spatiotemporal resolution of these nanodevices, the in vivo
imaging of ATP in nude mice bearing HeLa xenograft tumors
was performed. In the absence of NIR irradiation, the
nanodevice in the tumor showed no obvious fluorescence
signal from the ATP aptamer. However, after NIR irradiation
at the tumor site, the signal at the tumor was enhanced,
demonstrating spatial resolution.
Metal ions are essential in biological systems since they play

significant roles in daily activity, such as stabilizing the
conformations of biomolecules and assisting in the catalysis

of enzymatic functions.120 The concentration of some metal
ions ranges widely in different organs, meaning that in vitro
detection of single metal ions is not comprehensive enough to
assess the health condition of the human body. Spatiotempo-
ral-resolved imaging could, however, help in understanding the
distribution of these metal ions and how they work in the
human body. DNAzyme is a kind of functional nucleic acid
that could specifically recognize target metal ions. The Lu
group developed a photocaged DNAzyme to sense metal ions
in living cells.121 The 365 nm irradiation could restore the
activity of DNAzyme to achieve temporal detection for living
cells. To apply photocaged DNAzyme in vivo, Lu et al.
conjugated the photocaged DNAzyme on the UCNPs to
monitor dynamic Zn2+ ion distribution in living cells and in in
vivo models.79 The violet luminescence of UCNPs was used to
restore the activity of DNAzyme spatially. The NIR irradiation
could penetrate deep tissue so that the DNAzyme-UCNP
probe could detect Zn2+in vivo with spatiotemporal resolution
(Figure 7b).
In addition to aptamers and DNAzymes, the molecular

beacon is another commonly used tool for biosensing.122 With
the rational design of the photocleaved DNA molecular beacon
probe, an NIR light-gated DNA-UCNP nanodevice for
spatiotemporal imaging of microRNA was proposed (Figure
7c).22 The molecular beacon was designed to recognize miR-
21, and the PC group was induced to render the beacon inert
to recognize the targeted miRNA. By electrostatic adsorption,
the PC unit inserted molecular beacon was adsorbed onto the
surface of UCNPs. Upon irradiation of 980 nm laser, the
emission of UCNPs at 365 nm would cleave the PC unit and
activate the molecular beacon to recognize miR-21. As the NIR
laser could penetrate deep tissue, the DNA-UCNP nanodevice
could spatiotemporally image miR-21 in vivo. For more
sensitive detection, the Li group further designed and
synthesized a UC-PH1/H2 probe for NIR irradiation-activated
HCR.66 With the amplification of luminescence-activated
HCR, spatiotemporal detection was more sensitive (limit of
the HCR system was calculated to be 0.6 pM), and the design
became a general tool to create an arsenal for performing
bioanalysis in living systems, helping to collect more
information about the diagnosis of human disease, especially
cancer.

Figure 7. DNA engineering on UCNP surface for optical control. (a) Optically controlled DNA-UCNP nanodevices for ATP sensing. (b)
Optically controlled DNA-UCNP nanodevices for Zn2+ sensing in living cells and in vivo. (c) Optically controlled DNA-UCNP nanodevices
for mRNA imaging. (d) Optically controlled DNA-UCNP nanodevices for mRNA imaging with 808 nm laser.

ACS Nano www.acsnano.org Review

https://doi.org/10.1021/acsnano.1c08036
ACS Nano 2021, 15, 17257−17274

17267

https://pubs.acs.org/doi/10.1021/acsnano.1c08036?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c08036?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c08036?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c08036?fig=fig7&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c08036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Although NIR-activated DNA-UCNP nanodevices for pH
sensing and antitumor immunity with 980 nm laser in vivo
were developed,54,104 the strong absorbance of water in the
tissue at 980 nm could reduce laser power and heat the tissue,
which is an unfavorable condition for prolonged irradi-
ation.53,70 To solve this problem, 808 nm laser-excited
UCNPs were exploited by NIR-activated irradiation. For
example, the Pang group reported DNA tetrahedron-modified
core−shell UCNPs for intracellular miRNA tracing (Figure
7d).123 The DNA tetrahedron was introduced to protect the
recognition of DNA, which was blocked by the photocleaved
linker. The Nd3+-doped core−shell UCNPs were synthesized
to absorb the photons with an 808 nm laser, thereby
eliminating the overheating phenomenon. With these strategies
above, irradiation-activated nanodevices are promising for
applications in complex biological environments.
Other Applications. Positioning Materials. As the

development of computational algorithms brings about new
design strategies, the expected DNA topological nanostructure
can be produced with top-down methods that rival traditional
bottom-up methods. Based on the property of addressability,
DNA nanostructure was employed to organize inorganic
materials, such as AuNPs, quantum dots, carbon-based
nanomaterials, and porous silicon nanoparticles. DNA self-
assemblies are prepared via the bottom-up strategy that
programs small units to assemble into designed patterns with
desired analytical and biological functions. On the other hand,
DNA macromolecules are modified with functional inorganic
nanoparticles by either electrostatic adsorption or covalent
tethering. The modified DNA macromolecules can facilitate
internalization, realize bioimaging, regulate gene expression,
and develop targeted drug delivery systems. Additionally, DNA
self-assemblies have been submitted to animal trials, and they
have shown great potential in constructing new drug delivery
systems in clinical trials. By discovering the specific strong
binding affinity of polycytosine (poly-C) to the UCNPs
surface, Ge and Wang et al. reported a UCNPs functionaliza-
tion strategy with deblocking DNA sequence (Figure 8). The
deblocking DNA sequence consisted of two segments, the
poly-C binding segment for UCNPs surface binding and a
hybridization segment for monodispersion in aqueous solution
and base pair recognition. The high affinity of poly-C sequence
was investigated by incubating the ligand-free UCNPs with
four different bases. As a result, poly-C had a 3−4 times
stronger binding affinity compared with other bases. This
specific binding affinity was further confirmed by the
observable preference of UCNPs surface for poly-C after the
dual-base sequences were introduced and compared. The
developed sequence-dependent DNA functionalization was
mild and simple, which is also suitable for the functionalization
on the surface of UCNPs with differences in particle size,
shape, and luminescent characteristics, showing potential in the
field of nanoassembly and therapeutics.124

Protein Regulation. Protein-dominant complex signaling
networks cannot be fully decoded in cellular processes without
dynamic manipulation of localization and interaction in living
cells.125 Advances in optogenetics have enabled spatiotemporal
control over cellular proteins with molecular specificity. Yet,
the results could be potentially misleading, as the recombinant
expression of non-native proteins is required. For example, Xie
et al. developed an aptamer-tethered, NIR light-responsive
nanoparticle for manipulating the subcellular localization of a
specific protein.126 Protein-specific aptamers and designed

photocleavable DNA hybrids were functionalized on the
surface of UCNPs. By combining the UV light-directed
conformational switch of aptamer with the capability of
UCNPs for converting NIR excitation into UV emission, the
capture and release of target proteins around the UCNPs core
could be regulated with NIR light irradiation, achieving the
regulation of cellular distribution of targeted proteins (Figure
9a). The results demonstrated the optical manipulation of NF-
κβ family RelA protein localization in living cells. This
nanoplatform established a strategy for the remote control of
native proteins, which could be used to provide solutions to
fundamental questions of protein involvement, as well as
protein−protein interactions, in cell biology.

Computation. The advancement of this dynamic DNA
nanotechnology has enabled the logic operation of nanostruc-
tures, such as silicon-based computers and actuators. Toehold-
mediated DNA displacement, DNA circuitry, and cascade
reaction can be integrated into smart DNA devices for
computational and smart drug delivery. Fan et al. reported
DNA-unlocked inner-filter effect between oxidized 3,3′,5,5′-
tetramethylbenzidine (OxTMB) and UCNPs (Figure 9b). The
DNA logic library could generate dual-modal (visual and
UCL) multicolor label-free outputs. All the as-mentioned logic
operations demonstrated the strengthened reliability and
practicality, powerful integrative capability, and improved
computing complexity of this UCL logic library.127 However,
compared with modern electronic microprocessors, the
velocity of DNA computing is much slower due to DNA
strand displacement. Therefore, the efficiency of DNA-based
logic systems still needs to be addressed.

Figure 8. Programmable DNA-UCNP assemblies by sequence-
dependent interactions between DNAs and UCNPs. (a−c) DNA-
mediated assemblies of particle-like UCNP and AuNPs. (d, e)
DNA-mediated assemblies of rode-like UCNP and AuNPs. (f, g)
Positioning UCNPs with DNA triangular origami. Reproduced
with permission from ref 124. Copyright 2020 Wiley-VCH.
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CONCLUSION AND OUTLOOK

In summary, we focus on the specific research field of
engineering DNA on the surface of UCNPs, reviewing
different approaches for DNA modification of the UCNPs as
well as applications in bioanalysis and therapeutics, including,
but not limited to, biosensing, bioimaging, therapy, and
regulation. DNA-UCNP composites have shown wide
potential for applications in nanotechnology, biotechnology,
and biomedicine.
However, challenges still exist. For UCNPs, as mentioned in

the introduction section, the luminescence efficiency of
UCNPs is low, which cannot be ignored. Although various
complex strategies have been reported to enhance the
luminescence intensity of UCNPs, the primary limitation of
the weak absorption of sensitizers has not been solved. The
Yb3+ or Nd3+ was chosen as the best sensitizer to absorb
photons. However, their absorption cross-section is much
lower than other optical materials.128 Hummelen et al.
demonstrated that organic dyes can work as the sensitizer to
capture photons effectively and can dramatically improve the
luminescence intensity of UCNPs.129 The dye-sensitized
strategy liberates UCNPs from limited adsorption and was
applied widely in the field of photoelectric materials such as
solar cells.43 This strategy may be also used for DNA-UCNP
related applications. However, there are few researchers, such
as Ju et al., who have adopted this method.115

In this article, we focus on reviewing the engineering of the
surface of UCNPs with DNA. The hydrophilic property of
DNA improves the bioapplications of UCNPs. Similar to the
problems that other DNA-shelled nanoparticles have met,
biological barriers, such as lysosome, cell membrane, and
blood−brain barrier, limit the delivery efficiency of DNA-
UCNP composites.130 Additionally, owing to the fact that
UCNPs display different behavior in a test tube versus living
cells of higher-order organisms, the uncertainties of DNA-
UCNP composites in the body exist. These uncertainties
include systemic toxicity, clearance, and long-term effects as
well as their biodistribution, biodegradability, and pharmaco-
kinetics. Another concern is the cost of DNA-UCNP
composites when employed in clinical trials.131 DNA-UCNP
should be economically viable compared with DNA-shelled

AuNPs and mesoporous silica nanoparticles when produced in
large quantities.
Despite a number of challenges, it is reasonable to expect

that DNA-UCNP composites will usher in an era of bioanalysis
and therapeutics with continuous research endeavors. Un-
doubtedly, it will drive forward research in fundamental and
applied sciences and technology. Also, the industrialization of
automated DNA synthesis with precise control over sequences
will drastically lower the cost of DNA-UCNP composites.
During the synthesis process, various moieties that confer
DNA with different functions can also be more easily modified.
Moreover, DNA-UCNP can meet the urgent need for
nontoxic, immunogenic materials to construct nanostructures
suitable for biological applications.
For the future outlook, the features of UCNPs could be

further explored. UCNPs are doped with lanthanide ions
famous for their property of upconversion emission. However,
other properties of lanthanide ions can be combined with
DNA for bioanalysis and bioimaging. First, the long
luminescent lifetime of lanthanide in UCNPs could be used
for biosensing, bioimaging, and quantitative detection in
vivo.132 Several studies have reported on the long lifetime of
UCNPs for time-gated luminescence detection and imaging to
eliminate background signals while achieving high sensitivity.
However, it still remains difficult to accurately detect
luminescence intensity in the biological environment, which
is dependent on both the concentration of target and the
concentration of UCNPs as well as laser power and the depth
of tissue. Apart from luminescence intensity, luminescent
lifetime is another option for quantitative analysis.133 Long
luminescent lifetime is an inherent property of UCNPs that is
independent of intensity. The fluctuation of excitation power
and the depth of tissue influence the luminescent intensity of
UCNPs, but negligible influence on the luminescent lifetime of
UCNPs.134 The luminescent lifetime of UCNPs could be
adjusted by the modification of quencher-labeled DNA. With
the increase of quencher-labeled DNA, the luminescent
intensity of UCNPs decreases, along with the shortened of
luminescent lifetime. By rational design, it is possible to
achieve the target-triggered release of quencher-labeled DNA
and recover the luminescent lifetime of UCNPs. This is a

Figure 9. Other applications of DNA-UCNP involving protein regulation, materials positioning and computation. (a) Optical DNA-UCNP
manipulator for controlling subcellular localization of native protein in living cells. (b) DNA-unlocked inner-filter effect for operating a
multicolor upconversion luminescent DNA logic library. Reproduced with permission from ref 127. Copyright 2019 Royal Society of
Chemistry.
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future direction to achieve quantitative detection and imaging
in the complex environment. Other fluorophores, such as
organic dyes, are not suitable for quantitative fluorescent
lifetime detection because they are short-lived. Thus, the
application of DNA-UCNP by luminescent lifetime is yet to be
fully exploited.
Second, the second near-infrared (NIR-II) emission of

lanthanide in the lanthanide ion-doped nanoparticles (LnNPs)
is another promising property to enrich the application of
DNA-LnNP. Numerous studies in the literature are related to
the application of LnNPs with the upcoversion property. In a
typical LnNP composition of NaYF4:Yb, Er, under the
irradiation of 980 nm, the upconversion emission of ∼540
nm is widely employed, while the down-shifting emission
around 1525 nm is always ignored. In the past few years, the
down-shifting emission of LnNPs has also attracted much
attention.135 The down-shifting emission of LnNPs spans a
broad spectral range from ∼1000 nm to ∼1600 nm, located in
the NIR-II region.136 Upconversion emission in the visible and
NIR I regions of LnNPs makes DNA-LnNP (DNA-UCNP) a
good tool for in vivo imaging.137 However, compared to the
visible and traditional near-infrared (NIR I) emission, the NIR-
II emission is more suitable for imaging in vivo because its
penetration is much deeper with higher resolution.138−140 Even
though the use of DNA-LnNP with down-shifting in NIR-II is
still limited, with deeper penetration and higher resolution,
further studies of DNA-LnNP in NIR-II imaging will expand
the applications of DNA-LnNP.
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VOCABULARY
DNA, the carrier of genetic information in humans and almost
all other organisms; aptamer, short, single-stranded DNA or
RNA (ssDNA or ssRNA) molecules that can selectively bind
to a specific target, including small molecules, proteins,
peptides, live cells, and even tissues; upconversion nano-
particles, an inorganic crystalline luminescent nanoparticle
that can convert near-infrared excitation light into visible and
UV emission light; composites, a material consisting of two or
more constituent materials, the physical or chemical properties
of which differ significantly from the individual components;
nanostructures, a class of structures that have at least one
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dimension between 1 and 100 nm and usually possess size-
dependent physical properties owing to quantum-confinement
effects
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