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Abstract Interdisciplinary sciences have paved the
way for the creation of new technologies that could
potentially alter how things were conventionally done.
Biotechnology and nanotechnology have resulted in
the creation of various techniques, one of which is
upconversion nanoparticles (UCNPs), which can be
conjugated with biomaterials for added functionality.
UCNPs work based on optical phenomena referred to
as anti-Stoke shift, wherein the nanoparticle absorbs
light of a high wavelength (lower energy) and emits
light having a lower wavelength (higher energy). This
ability to provide luminescent signals when irradi-
ated with near-infrared (NIR) light sources is particu-
larly useful as a consequence of its minimal toxicity
and high depth of penetration. When coupled with
the appropriate biomaterials, the UCNPs can conju-
gate with the target under study and via quenching/
luminescence recovery and quantitative and qualita-
tive tests can be performed relating to the target mol-
ecule, in vivo. These UCNP-nanomaterial structures
have proven to be very useful in the in vivo image
detection, diagnostic, therapeutic as well as com-
bined approaches for disease treatment, drug delivery,
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disease diagnosis etc. This review aims at providing
an in-depth explanation about the origins of UCNPs,
how they may be synthesized, their mechanisms of
upconversion (UC), their adaptability and flexibility
under in vivo conditions, and the future of the field.
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Introduction

Nanotechnology is a leading science in the twenty-
first century. It goes without saying that the capability
to invent and utilize small particles that are not vis-
ible to the naked eye is not a recent tradition. In 1959,
Richard Feynman brought attention to the concept of
nanotechnology to the world in his famous talk titled
“There’s Plenty of Room at the Bottom” [1]. Since
then, concepts and ideas based on his talk have played
a major role in almost every field of science.

Free nanoparticles are created either by break-
ing down bigger particles (top-down approach) or by
carefully controlling assembly processes (bottom-up
approach) or by natural occurrences when released
into the atmosphere. Nanoparticles (NPs) are a wide
classification of materials that comprise particulate
substances with a maximum diameter of 100 nm
[2]. Upconversion nanoparticles are a revolutionary
type of nanomaterials that are capable of exhibiting
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anti-stokes phenomenon. Anti-Stokes emission is
accomplished via successive immersion and “piling
up” in the energy of infrared excitation photons via
uniformly placed enduring excited states of lanthanide
dopants [3]. UCNPs are a type of nanoparticle capable
of producing higher-energy photons in the UV-vis-
ible emission region from a low-power NIR laser [4],
achieved by employing an anti-Stokes shift. The lan-
thanide ions within the nanoparticles’ lattice enable
this. It is a lanthanide system with a main sensitizer,
bridge sensitizer, and emitter, which is usually Y3* or
Nd** [5]. The easiest way to explain the upconversion
process is to compare it to the downconversion, also
known as the Stokes shift. Quantum dots, silica/gold
nanoparticles, and various dyes are examples of nano-
materials that emit via a Stokes shift. The electrical
energy level from the ground state (SO) to the excited
state (S1) increases when a photon of light is absorbed
by a molecule. The energy is lost during internal con-
version, which is discharged as heat. The fluorophore
is de-excited, and the energy is subsequently expelled
as spectra of light to return to SO. This is referred to
as a down-conversion since the light produced has a
lower energy state than the photon involved. The UC
process, on the other hand, results in the release of a
photon with a greater state of energy [6].

When excited by NIR, UCNPs coated with rare
earth components release a photon. They are com-
monly doped with lanthanum (Ln"), ytterbium
(Yb>*), thulium (Tm?*"), erbium (Er*"), neodymium

UCNP Core

UCNP Core Shell
Structure

(Nd**), europium (Eu*), terbium (Tb**), holmium
(Ho*"), cerium (Ce*"), gadolinium (Gd**), dys-
prosium (Dy>*), samarium (Sm**), and samarium
(Sm**) ions in various configurations [7-9]. Those
illuminated particulates have exceptional tissue per-
foration and photochemical constancy, making them
suitable for use as a sensitive nanodevice. UCNPs
have emerged as a potential fluorescent material for
applications such as biodetection, bioimaging, and
photodynamic treatment [10]. To make fluorescence
resonance energy transfer (FRET) sensors, UCNPs
are mixed with certain nanomaterials (gold nano-
particles, graphene, cadmium telluride quantum
dots, a mixture of MoS, and WS,) [11]. Further-
more, UCNPs are laminated to create a core—shell
figure and are in a hexagonal crystal juncture with
an average diameter of 22+3 nm, and their fluo-
rescence power can be greatly increased, which
improves sensitivity in biological applications [12].
Blocking the decay of energy transfer induced by
the interaction between the interface of core UCNPs
with errors and their surroundings is a strategy for
ameliorating the luminescence productivity of coat-
ing shells on UCNPs. Several synthetic substances,
such as ethylene glycol (EG), polyethylene glycol
(PEG), polyethyleneimine (PEI), oleic acid (OA),
polyacrylic acid (PAA), polyvinylpyrrolidone
(PVP), methylmethacrylate, and others, have illus-
trated significant dominance in interface function-
alities and biomedical applications [13]. As can be
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Fig. 1 Stepwise synthesis of upconverting nanoparticle—representation of the stages of UCNP synthesis. UCNP core synthesis is
followed by core—shell synthesis which is ultimately followed by surface modification to yield functional UCNPs
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seen in Fig. 1, the final UCNP structure resembles
a multi-layered sphere with the polymer making up
the outermost coating. Polymers possessing amphi-
philic segments in their spines are used in coating
with hydrophobic and hydrophilic polymer shells
[14]. Hydrophobic interactions between the oleate
ligand and the polymer’s hydrocarbon chain adsorb
amphiphilic polymers onto the UCNP exterior. The
hydrophilic polymers’ polar organic functional
groups are absorbed externally (into H,0), making
oleate-capped UCNPs H,O-dispersible [15].

UCNPs have outstanding optical properties and
grew into a helpful devices in the biomedical indus-
try, including biosensing, cancer diagnosis and ther-
apy, and biomarker identification [16]. UCNP has
a number of advantages as luminescent reporters,
including bright fluorescence patterns at adjustable
wavelengths, the ability to perform multicolor detec-
tion, and fluorescence existence in tens to hundreds
of seconds, which allows the UCNP to be identified
without background interference. UCNPs also have
minimal toxicity, no photoblinking [17], chemical
reactivity, large anti-Stokes shifts, and excellent pho-
tostability, permitting them to be recognized with
extremely little ocular background interference even
in intricate biomolecules like bodily secretions. While
UCNPs’ unique properties make them ideal for some
applications, their inherent constraints may preclude
them from being widely used as luminous probes
in preclinical and clinical contexts. UCNPs have a
lower brightness than other NIR fluorescent probes.
Because of their restricted emission bands as well as
interfacial quenching phenomena, they have a low
absorption cross-section. Several methods for improv-
ing UCNP luminescence efficiency have been put
forth to address this issue. These entail either alter-
ing the host lattice (by adding more dopant ions) or
manipulating the interface of nanoparticles (through
stabilization, integrating plasmonic materials or com-
pounds with broad-ranging absorption, such as dyes).
Using high-energy excitation light has various draw-
backs, such as genetic mutation, apoptosis from dura-
ble luminosity, and auto-luminescence from cytologi-
cal materials, which results in a modest transmission
quality and shallow density depth for biomolecules.
The only stumbling block of UCNPs in bioimaging
techniques is their poor upconversion quantum yield,
which is addressed in a variety of ways (such as coat-
ing the UCNPs with a polymeric layer).

UCNPs have proven to be of great importance in
the field of medical diagnosis and hold great prom-
ise as a therapeutic agent as well. Their ability to both
diagnose a condition as well as treat it makes them
a potential theranostic agent. UCNPs conjugated with
the appropriate biomaterials could be used for the
in vivo detection of biomolecules like DNA, RNA,
micro-RNA, proteins, specific antibodies/antigens,
etc. Their therapeutic application lies in their ability
to deliver drugs directly to the target site to improve
efficiency or via photothermal therapy or photody-
namic therapy. All of this will be discussed in-depth
in the subsequent sections [18].

Mechanisms of upconversion

The many energy states of lanthanide-based ions pro-
vide huge opportunities for up-energy transfer pro-
cesses in upconversion nanoparticles. Energy transfer
upconversion (ETU), excited-state absorption (ESA),
and photon avalanche (PA) are some of the processes
that make up the complicated energy transfer system.
Their mechanism of action has been detailed dia-
grammatically in Fig. 2.

In recent years, the UC process has been inten-
sively researched and has shown to be effective for
converting NIR to radiation within the visible spec-
trum. UC is an anti-Stokes phenomenon as it involves
nonlinear optical processes during which low-energy
radiation (NIR light) excites lower electronic lev-
els, resulting in greater energy emission (visible or
UV light) at higher electronic levels. This process is
facilitated by the sequential uptake of two (or more)
photons in order for the UC emission to take place.
The abovementioned processes can lead to a success-
ful absorption of two or more photons [19, 20].

Excited state absorption

Bloembergen presented ESA, sometimes referred to
as the successive absorption of two photons, as the
most widely recognized UC model in 1959. Bloem
et al. claimed that the excited-state absorption (ESA)
process is based on the idea that the same ion can
make a transition from ground state (G) to higher-
energy level, which is in an excited state by con-
tinuous multiphoton absorption, which is the most
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Fig. 2 Mechanisms of
upconversion—oprincipal
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fundamental UC mechanism [21]. ESA is a UC pro-
cess that happens in those materials, whose dopant
concentration will be very low, and it includes photon
absorption by a single ion. It comprises consecutive
absorption of two photons. The ground state absorp-
tion (GSA) occurs when an ion transitions from G
(state 1) to an intermediate excited state (state 2),
which is very long-lived by the action of a photon. In
an optical transition, the consecutive photon drives
the ion from state 2 to a further higher energy state 3
and causes the emission of UC [22].

Energy transfer upconversion

The ETU mechanism usually requires the interac-
tion of two adjacent lanthanide ions. A sensitizer ion
undergoes transformation to the metastable E1 state
from the ground state by the absorption of a pump
photon. This sensitizer ion is referred to as ion 1.
It then relays the energy it has accumulated to the
ground state G and the excited state E1 of a second
ion referred to as the activator, which stimulates ion
2 to the E2 upper emission state. This is accompanied
by the sensitizer ion 1 relaxing back to the ground
state in an ETU process. The upconversion effec-
tiveness of an ETU process depends on the average
distance between close sensitizer-activators, which
is controlled by dopant concentrations. Contrary to
ETU, the efficiency of an ESA process is independ-
ent of the dopant concentration due to its single ion
feature [23, 24].
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For example: Red, blue, and green light,
for instance, can be produced in the system of
NaYF,:Yb®* Er’* UCNPs through this method. It
can operate as a sensitizer for Er** and transmit its
energy to an unexcited Er’* ion by the energy transfer
process: 2F5/2 (Yb*") +4115/2 2F7/2 (Yb*) +4111/2
(Er*). The Yb** ion, with its excited state 2F5/2,
has an energy comparable to 4111/2 (Er*"). Through
further cross-relaxation and a phonon-assisted pro-
cess, 4F9/2 [2F5/2 (Yb’*)+4I113/2 (Er*")+2F7/2
(Yb**)+4F9/2 (Er’*)] can generate red emission
(654 nm). In a similar manner, 2H9/2 —4115/2 and
2H11/2 —4115/2 (also 4S3/2—4115/2) produce blue
(408 nm) and green luminescence emissions, respec-
tively, at 526 nm and 533 nm [25-27].

Photon avalanche

Photon avalanche which is also sometimes called as
absorption avalanche is often considered to be one of
the most efficient and widely used upconversion pro-
cesses. Its discovery took place in the year 1979 by
Chivian. The PA process is the least seen of all the
UC mechanisms [28]. Ground state absorption (GSA)
initially promotes the sensitizing ion (ion 1) to the
second state from its first. Then, ESA advances it to
the third state using an incident photo. In order to
produce two ions (ion 1 and 2) in state 2 as a result
of cross-relaxation, one sensitizing ion (ion 1) in state
3 can interact with a nearby ion (ion 2) in the ground
state. The 2 resulting ions function as sensitizing ions
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and can produce up to another eight ions in a chain
reaction. Eventually, an avalanche of the ion popula-
tion in state 2 can be formed because the intermediate
excited state (state 2) functions as an energy storage
reservoir [29]. The energy scheme for PA is given in
Fig. 2.

Versatility of UCNPs

The versatility of UCNPs makes it all the more attrac-
tive for use. By controlling and optimizing specific
parameters, we can drastically change the output of
emission as well as its interactivity with biological
samples. Some of the ways by which UCNPs can be
customized and fine-tuned are mentioned below.

Host material and dopants

An upconverting nanoparticle system has two major
components, the host material, which serves as the
lattice for the entire system and the dopant. Dopants,
which are usually lanthanide ions or rare-earth ions,
have been used, are the luminescent centers, and are
responsible for the actual process of upconversion.
Many factors have to be taken into account to opti-
mize the UCNP when dealing with the dopants and
host material. An appropriate choice of host material,
dopant ion, as well as their concentrations are impor-
tant factors for consideration with respect to UCNP
synthesis.

The distance between individual dopant ions,
their surrounding environments and their spatial
arrangement are all determined by the host material.
Quenching of the dopant ions by the host material
is a major concern and must be avoided at all costs.
Fluoride materials are generally used as the host.
Due to the low phonon energies of the lattice, long
lifetimes of the excited states are frequently found in
fluoride materials. In general, calcium and sodium
fluorides are suitable host materials for upconversion
systems because their lattices are based upon cati-
ons like sodium, calcium, and yttrium ions having
an ionic radius that is similar to that of the dopant
material, i.e., lanthanide ions. This is because these
cations suppress crystal defect and lattice stress for-
mation [30].

As already mentioned, lanthanide ions are usu-
ally used as the dopants for UCNPs. The electron
shell configuration of these elements lends them
unique optical properties, namely upconversion and
downconversion. Most rare-earth nanomaterials fall
into one of two main classes: downconversion nano-
particles (DCNPs) or upconversion nanoparticles
(UCNPs). DCNPs are capable of splitting a single
high-energy photon into multiple lower-energy pho-
tons. On the other hand, UCNPs convert one or more
low-energy photons into a single high energy photon.
Their ability to perform upconversion is why rare-
earth elements are used as the dopant for UCNP sys-
tems [31].

Surface modifications

Various synthesis routes exist for creating UCNPs.
Solvothermal synthesis, thermal decomposition, and
coprecipitation synthesis routes are just a few of the
more commonly used approaches. All these methods
yield nanoparticles with an upconverting lumines-
cent core protected by a hydrophobic layer of sur-
face ligand (most commonly oleic acid). This hydro-
phobic layer stabilizes the nanoparticle and prevents
the aggregation of individual UCNPs. However,
for the vast majority of biological applications, we
would prefer using systems which are hydrophilic,
thus necessitating surface modification steps. If the
hydrophobic ligands are swapped out for hydrophilic
ligands as the growth-controlling agent, the surface
modification step can be avoided [32]. Ligand engi-
neering is the method of choice when it comes to sur-
face-coated modification. It entails either a direct oxi-
dation of the terminal molecule or a ligand exchange
with hydrophilic molecules. A range of hydrophilic
substances, such as 6-aminohexanoic acid, citrate,
hexanedioic acid, polyacrylic acid, and compounds
generated from phosphate, can transform hydropho-
bic ligand-coated nanoparticles into hydrophilic by
ligand exchange processes [33].

It is crucial to confirm not only that the surface
functionalization was successful but also that the
modification would have no detrimental effects on
the upconversion efficiency or the colloidal stability.
This is because each surface functionalization process
can change a number of characteristics of the UCNPs.
Additionally, post-surface modification to replace the
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hydrophobic layer with a hydrophilic ligand layer may
be necessary to functionalize a biomolecule to allow
the nanoparticle system to interact with biomolecules.

For example, we may need to attach ssDNA mol-
ecules to the UCNPs to facilitate biodetection for dis-
ease prognosis. Electrostatic adsorption, coordination
and covalent cross-linking are the three main methods
for the same.

If the charges of the two materials are opposite,
electrostatic adsorption is an easy approach to join
them. DNA molecules have phosphate group back-
bones that are negatively charged. This characteris-
tic enables UCNPs to bind nucleic acids through a
modification of the surface charge. Due to the rela-
tively small force of positive and negative electro-
static adsorption, DNA might not completely attach
to UCNPs, despite the adsorption process being
convenient and easy to characterize. Therefore, this
surface-modification process is mostly useful for the
temporary attachment of DNA to UCNPs for delivery
into cells where they dissociate from it.

Coordination of the DNA molecules onto the
UCNP structure is facilitated by the strong interac-
tion that occurs between the phosphate group present
in the strand and the Ln>" ion on the surface of the
nanoparticle. Nucleic acids attached via the coordina-
tion method are stably conjugated with the nanopar-
ticle and can be used for in vivo studies. However, as
the nucleic acid strand lies on the surface, it may not
exhibit proper recognition. The final mode of attach-
ment is via covalent cross-linking. For this approach,
the DNA strand must be conjugated with functional
groups like NH, for attachment. Additionally, the
UCNPs also need to be functionalized with comple-
mentary function groups to facilitate ligand exchange.
DNA strands attached via this method are very stably
hybridized onto the UCNP and show very little des-
orption or leakage [34].

Applications of UCNPs

Bioimaging

Bioimaging techniques provide a thorough view into
the state of functioning of specific regions or tissues
within the body. The greatest advantage attributed to

bioimaging techniques, in general, is their non-inva-
sive nature, making them much more patient-friendly.

@ Springer

While a variety of methods are available for these
bioimaging studies, there are certain points that make
UCNPs better suited for it. NIR light sources allow
deeper penetration of the radiation into the tissues and
eliminate tissue autofluorescence, providing us with a
better and more sensitive detection route. Addition-
ally, the ability to use both NIR excitation and emis-
sion (NIR-to-NIR upconversion) is especially useful
in vivo imaging. It allows for deeper penetration into
the sample and lowers the absorption and scattering
by the biological samples (Fig. 3) [35].

Polyethyleneimine  (PEI)-coated NaYF,:Yb,Er
nanoparticles were used in a study for the bioimaging
of bone marrow-derived stem cells. The study was
able to conclude that the uptake of the UCNPs did not
induce any substantial cytotoxic effects on the cells
when used in specific concentration ranges with the
appropriate incubation periods. When injected into
female Wistar rats, the nanoparticles accumulated the
fastest within the lungs, and in the next 7 days, the
nanoparticles had fallen to below-detectable levels.
The study was also able to conclude that while cell-
surface binding is quite quick and can be detected
fluorescently within an hour, uptake of the UCNPs is
much slower [36].

Diabetes detection

Unlike other fluorescent nanoparticles used in sen-
sors that rely on hydrogen peroxide quenching as
the primary detection technique for testing for the
presence of glucose, UCNPs wholly rely on turn-on
approaches in the sensors they are used in. We can
utilize the UCNPs to detect overall blood and serum
glucose levels to identify the state of diabetes pro-
gression in the patient [37].

A study performed by Liu et al. utilized a UCNP-
polydopamine detection system to test for glucose
levels. The free UCNPs were incubated along with
the test sample, dopamine and glucose oxidase. The
dopamine molecules attached themselves onto the
free UCNPs to create a PDA shell that would hinder
the upconversion process, resulting in almost com-
plete quenching. The quenching could be reversed
by the H,O, released when glucose oxidase enzy-
matically acts on glucose. H,0O, in an alkaline solu-
tion produces free radical species which interact
with the polymerization of dopamine on the UCNP
in a concentration-dependent manner. This allows
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Fig. 3 Bioimaging—diagrammatic representation of UCNP
functionalized for bioimaging in the absence (a) and presence
(b) of target (protein, nucleic acid, cell, etc.). In the absence of

the systemic detection of glucose levels in the sam-
ple based on the quenching/fluorescence levels. The
study was able to test glucose in samples with an
LOD of 1.2 uM with a high degree of accuracy and
efficiency [38].

Another study utilized a UCNP bio-conjugate sys-
tem to test for the presence of vaspin, a serpin associ-
ated with T2DM. A lateral flow strip assay (LFSA)
which works in an aptamer conjugated sandwich
mode was created for the detection of vaspin levels.
A primary aptamer (capture aptamer) was conju-
gated onto the assay strip to which the target mole-
cule would attach as the sample was passed over it.
A secondary aptamer acting as the detection probe
was hybridized with UCNPs for the fluorescent detec-
tion of the target. The quantity of vaspin directly cor-
relates with the amount of fluorescence generated by
the UCNPs, and the study was able to detect it within

a target, the UCNP remains in close proximity to the quencher
that prevents upconversion luminescence

a concentration range of 0.1-55 ng/ml with a LOD of
39 pg/ml [39].

HIV detection

A similar detection strategy as developed in the pre-
vious work was demonstrated by Martiskainen et al.
Their work focused on the detection of anti-HIV 1
or 2 antibodies. The UCNPs were conjugated with
recombinant HIV 1 and 2 glycoproteins which would
serve as the epitope for attachment of anti-HIV anti-
bodies from the sample [40].

Cancer detection
UCNPs are already being studied widely with respect

to cancer diagnosis and added therapeutic application.
The standard diagnostic approach to detecting cancer
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is biopsy. The technique is however time-consuming
and invasive. UCNPs serve as potential alternatives
because of their already listed properties.

A recent study demonstrated the use of UCNPs
coated with cancer cell membranes to create cancer
cell membrane-coated upconversion nanoparticles,
which have proved to be successful in differentially
diagnosing the type of tumor. The effectiveness of
the modified probe was attributed to its low immu-
nogenicity and its ability to diagnose via a three-way
UCL/MRUI/PET imaging system in vivo. The UCNP
was synthesized with Gd** and was modified to be
compatible with and provide information via mag-
netic resonance imaging (MRI) and positron emission
tomography (PET) in addition to the upconversion
luminescence (UCL) properties of the nanoparticle
itself. Combining three different imaging techniques
vastly improves the data we obtain regarding the
tumor with a much better accuracy. The main compli-
cation that the probe faced was the immune response
it generated, which considerably shortened its blood
residence time. The surface modification of the
UCNP with MDA-MB-231 cell membrane helped
circumvent the immune detection issue. Additionally,
coating with the membrane helps in the homologous
targeting of MDA-MB-231 cancer cells. The cell
membranes of cancerous cells have membrane anti-
gens and unique membrane structures which impart
properties such as long blood circulation, immune
escaping, and specific recognition [41]. UCNPs
coated with MDA-MB-231 membranes showed tar-
geted-tumor accumulation only when cp-incubated
with MDA-MB-231 cells and not for other human
breast cancer cells [42].

Drug delivery

A variety of papers have already established the
benefit of using nanoparticle carriers and nanoen-
capsulated drug delivery. Nagalakshmi et al. (2017)
have stated in their work that nanoencapsulated drug
DDA (14-deoxy-11, 12-didehydroandrographolide)
was found to have increased the oral availability of
the drug aiding in maintaining blood glucose levels
in rats [43]. Another study developed a chitosan-
based nanoparticle platform for the efficient delivery
and uptake of two varieties of lipopeptide vaccines.
They concluded that the nanoparticles were found to
be safe, showed minimal cytotoxicity, and produced
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good quantities of antigen-specific antibodies as well
[44].

Another study demonstrated the benefits of using
nanocarriers of Poly(2-oxazoline) (POx) for the load-
ing and site-specific delivery of the drug paclitaxel
for breast cancer therapy. They concluded that the
anti-tumor effects of the drug system were consider-
ably improved by the nano-drug loading and delivery
[45].

The diversity in the nature of UCNPs makes them
extremely suited for the delivery of a wide variety of
therapeutic substances. Their small size combined
with their large surface area increases the effective-
ness and retention of drugs for cell/tissue-specific
therapy. Far and away superior, UCNP-based com-
posites utilized as medication delivery frameworks
will empower following and productivity assessment
of medication discharge progressively. Analysts have
arranged UCNPs for drug stacking and designated a
change of the delivery surface to deliver their load
into specific target cells. Additionally, having the
option to surface modify the UCNPs further increases
the options available [46].

The UCNP drug delivery strategy is based on the
conjugation of an additional module that utilizes the
upconverted light by transferring it to their immediate
surroundings and facilitating the release of the drug/
load (Fig. 4). These conjugated photo-labile com-
pounds are the key to releasing the drug. When they
are excited by NIR, which has a deeper penetration
range than other parts of the EM spectrum for biolog-
ical samples while maintaining low cytotoxicity, the
conjugated compounds induce changes in the deliv-
ery system which allows for the specific release of the
drug at the desired tissue. Yet again, surface polymer-
ization is a crucial component which aids in this kind
of UCNP-based drug delivery [47].

UCNPs are also being parallelly used as chemo-
therapeutic drug delivery vehicles. However, they
are generally combined with other PDT or PTT
approaches to enhance therapeutic effect. This par-
ticular approach will be discussed in the next section
[48].

Therapy
In addition to bioimaging, biodetection, and drug

delivery, UCNP systems can be used directly for
therapeutic applications. In a recent study, researchers
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Fig. 4 Drug delivery—cell/tissue-specific UCNPs are loaded with the required drug on a polymeric layer

were able to control glucose metabolism rates for the
treatment of Type-2 Diabetes Mellitus (T2DM). Their
technique combined upconversion fluorescence with
optogenetic techniques that helped control T2DM
levels by targeting and selectively activating the
PI3K/AKT signaling pathway. Various advantages of
the therapeutic system include rapid response (within
seconds) to NIR, tissue penetration (several centim-
eters in depth), and alterable dosages of irradiation.
Studies have successfully shown the ability to control
glucose metabolism via this approach (both in vitro
and in vivo) [49].

Another mode of action for UCNPs is via photo-
dynamic therapy (PDT) (Fig. 5). UCNPs configured
to exhibit PDT have garnered attention recently. Upon
irradiation with NIR, UCNPs liberate light that is
capable of prompting the photosensitizer molecules
in the vicinity to produce singlet oxygen that elimi-
nates target/tumor cells. PDT is gaining acceptance
as an alternative to harsher modes of treatment like

chemo and radiotherapy for the treatment of a wide
array of diseases in addition to cancer. Due to its
minimally invasive approach when compared to radio
and chemotherapy, PDT is starting to be considered
a viable and much more effective mode of treatment
than the others [50].

A recent study by Chen et al. demonstrated the
use of UCNPs functionalized with a photosensitizer
drug for PDT. The photosensitizer in use was the
Ce6 or Chlorin e6 molecule. It is a widely used pho-
tosensitizer with low dark toxicity and high efficacy
[51]. The NaYF,:Yb>*, Tm** / NaYF,: Yb*t, Er**
core—shell nanoparticles were initially surface coated
with a PEG-phospholipid layer for good dispersion
stability, and then it was surface loaded with the Ce6
molecules. When the UCNP mix was incubated with
QGY-7703, a human hepatocellular carcinoma cell
line, it was observed that the NIR-induced activation
of the photosensitizer resulted in significant cell death
of the tumorous cells. Irradiation was provided at a
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Fig. 5 Therapeutic applica-
tion—UCNP loaded with
phothermal coupling agent
(PTCA) for photothermal
therapy (PTT) or photosen-
sitizer for photodynamic
therapy (PDT) is introduced
to the target cell. Excitation
with NIR generates UCL
that activates the effects of
the PTCA/photosensitizer,
ultimately causing cell
death

_ loading

wavelength of 980 nm, and emission was observed
at approximately 660 nm, which also happens to be
the absorbance maxima for Ce6 photoactivation. Ulti-
mately, the NIR irradiation causes the UCNP to emit
light of a particular wavelength which activates the
Ce6 molecules to liberate singlet oxygen species and
promote tumor death. The cytotoxicity tests for the
UCNP-Ce6 system showed that they were highly bio-
compatible (more than 70% cells survived incubation
with the nanoparticle) and that they were also taken
up by the tumor cells in sufficient quantities for tumor
detection [52].

Photothermal therapy (PTT) is another mode by
which UCNPs can contribute to therapeutic appli-
cations. PTT involves conjugating the nanoparticle
with an appropriate photothermal converting agent
(PTCA) that absorbs incoming energy and converts
it to thermal or heat energy to kill the targeted cells.
Ideally, the PTCA should be non-toxic, should not
exhibit any photothermal conversion without input
from the UCNPs, and should have the appropriate
size and morphology depending on the use.

Dibaba et al. demonstrated the use of such a setup
to create a dual-modal imaging UCNP structure that
also exhibited PTT via the antimony nanoshell coat-
ing of the as-prepared UCNP. In vivo imaging could
be achieved via UCL and MRI imaging and was
tested for using HeLa cell lines. The cells showed
good uptake of the UCNPs, and strong MRI, as
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well as UCL signals were obtained. Viability tests
showed that the cells were negligibly affected by
UCNP uptake, and they concluded that the nanopar-
ticles were biocompatible. Photothermal conversion
was also observed with a high degree of success in
in vitro studies, in a concentration-dependent manner.
The higher the concentration of UCNP accumula-
tion within the HeLa cells, the higher the temperature
could be achieved. But this aspect must be taken into
account along with the biocompatibility concentra-
tion range of the UCNPs [53].

Future applications

Considering the range of sizes in which UCNPs
are available alongside their biocompatible nature,
they possess the potential to bind to various bio-
logical components, which plays a crucial role in
recently developed biological platforms including
bio-detection assays as well as therapeutic modali-
ties. The UCNPs have certain distinctive optical
properties which makes them very unique. Some of
the properties which brings UCNPs to the limelight
in the biomedical field are luminescence; their abil-
ity to penetrate deep into the biological tissue without
actually damaging the cells acts as a good contrast
agent in not only in vitro but also in vivo by main-
taining a low background as well as a high resistance
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to photo-bleaching. Now let us look into the various
ways in which UCNPs can contribute to biomedical
science in the near future.

UCNPs in (bio)assays

Although traditional fluorescence has long been
an important tool in biodetection, there are certain
downsides to this approach. Fluorescent dyes which
were used traditionally, which also includes quan-
tum dots, were excited by ultraviolet or near-ultra-
violet lights. These high-energy radiations not only
have poor tissue penetration but also severely harm
biological tissues when exposed over an extended
period of time. More significantly, the high-intensity
light source is the primary contributor to a substan-
tial amount of auto-fluorescence, which gives rise to
a low signal-to-noise ratio and negatively impacts the
detection’s sensitivity. Here, UCNP plays a major role
by compensating for all the deficiencies. FRET-based
and non-FRET-based models have played an impor-
tant role in revealing the potential of UCNP in the
detection of biomolecules.

We can use UCNPs to detect oligonucleotides like
miRNA. Certain miRNA in the serum gets upregu-
lated during various metabolic disorders like T2DM,
whereas there is a global downregulation of miRNA
during cancer. A sandwich-type of hybridization
format is commonly used in a FRET-based nucleic
acid detection. To capture the longer target oligonu-
cleotides, two shorter oligonucleotides (probes) were
created. One of the probes is covalently attached to
UCNP, while the other is fluorescently marked and
has an absorption spectrum that coincides with the
emission spectrum of UCNP. The fluorophore-labeled
probe would come closer to the UCNP surface in the
presence of the target oligonucleotides. The photon
generated by UCNP would be transferred to the fluo-
rophore and result in the fluorophore’s emission upon
illumination by an NIR light source. One can assess
how much of the targeted oligonucleotide is present
by measuring the fluorophore’s fluorescence intensity
after NIR excitation. Correspondingly, we can detect
the associated disease at an early onset by measuring
the intensity of the fluorescence. Just like the detec-
tion of nucleic acids, even certain proteins can be
detected as well. Research is going on to be able to
fabricate microarrays, which can be used to detect

proteins like cancer proteins; as a result, it can help in
the detection and diagnosis at an early stage [54].

Gong et al. (2019) have designed and tested the
use of a UCNP-based lateral flow assay (LFA) in the
identification of a variety of targets. The designed
UCNP-LFA point-of-care testing device was suc-
cessfully used in the detection of targets like bacteria,
nucleic acids, and proteins. The device used a smart-
phone-bound analysis application for reading the
output of the LFA. The device showed a 0.992 coeffi-
cient of correlation to the accepted gold standards for
the same, making the device accurate and sensitive
given the extremely low LOD [55].

Upconversion-based gene therapy

Gene therapy plays a crucial part in the treatment
of cancer as well as diseases which are inherited by
making the use of targeted cells along with nucleic
acids which are therapeutic in nature [56]. An attempt
is made to try and repair the genes which show abnor-
mal gene expression. In recent times, UCNP has come
to the limelight in the biomedical field. To increase
the biological effectiveness of UCNP-based gene
carriers, surface modifications can be implemented.
There are two benefits to the surface alteration. The
first is the enhanced efficiency of gene loading, and
the second is the enhanced physical and chemical
properties imparted to the nanoparticles allowing
for improved in vitro execution [57]. In recent times,
Zhang’s team carried out ground-breaking research
on UCNPs for nucleic acid delivery. In their inves-
tigation, siRNAs were electrostatically linked to the
base of UCNP-antiHer2 by conjugation of an anti-
Her2 antibody to amino-fitted UCNPs for objective
distribution. The satisfactory confirmation of material
absorption by Her2-overexpressing SK-BR-3 cells
was indicated by the negatively regulated expression
of the luciferase reporter gene. The aforementioned
delivery technique was then further used with surface
enhancements to boost the targeted dispersion and
raise gene loading efficiency [58]. In order to silence
the MDR1 gene and enhance the treatment reactiv-
ity of ovarian cancer cells, Lin et al. created strati-
fied UCNPs for scrutinizing and delivering MDRI
gene-silencing siRNA (MDR1-siRNA). UCNPs were
coated with 146 PAA and PEI, which were subse-
quently electrostatically adsorbed with MDR1-siRNA
[59]. MDRI1-siRNA was more effectively taken up
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by cells due to the UCNP-based carrier, which also
helped them avoid nuclease-mediated degeneration
and allow endosomal release for efficient MDR1 gene
knockdown [60].

Upconversion-based immunotherapy

Cancers that are resistant to conventional therapy
may benefit from using nanoparticles as a treat-
ment. Numerous research focused on immunother-
apy in combination with various cancer therapies in
recent years. Research has illuminated a number of
prospective remedies that demonstrate cooperative
advantages, in addition to being utilized as discrete
remedies. Several scholars have looked into combin-
ing PDT with immunotherapy to promote antitumor
immunity [61-63]. The escape of tumor-associated
antigens was induced by PDT as anticipated, whereas
the R837-activated TLR7 pathway might cause potent
systemic immune reactions that can be addition-
ally amplified by CTLA-4 inhibition [64]. The sys-
tem’s main advantage is the nanodevice’s ability to
use the immunological memory effect to stop tumor
recurrence. The system’s main advantage is the nan-
odevice’s ability to use the immunological memory
effect to stop tumor recurrence [65]. PDT, chemo-
therapy, and immunotherapy together should have a
significant impact on distant metastases. Chemo-PDT
exhibits potent synergistic anticancer activity and
induces immunogenic cell death (ICD), which results
in immunity specific to the tumor. When used in con-
junction with ICD-elicited tumor therapy, the anti-
CD73 antibody avoids immunosuppression by tumors
that serve as an adequate immune checkpoint block-
ade [66].

Combining various therapeutic modalities—such
as cancer vaccines, immune checkpoint blockade
(ICB) therapy [67-70], chimeric antigen recep-
tor (CAR)-T cell therapy [71-73], cytokine therapy
[74-76], and immunological adjuvant therapy [77,
78]—has proven to be an effective way to treat can-
cer. All of the new technologies exhibit clinical prom-
ise for eliminating orthotopic tumors, but their absco-
pal benefits against metastases remain insufficient.
For instance, immunotherapy medicines’ non-specific
side effects on healthy tissues, including increased
cytokine production, can have fatal consequences.
After a medicine is administered to a patient,
the immunostimulatory activity is not accurately
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controlled, which increases the risk of severe toxic-
ity. Current methods are ineffective at preventing
systemic toxicity. A major focus of cancer immuno-
therapy continues to be methods for finely tuning the
arrangement and duration of immune reactions exog-
enously. Construction of administrative scaffolding to
track anti-tumor immunity with high configurational
accuracy is still difficult. UCNPs offer a method to
manage the transport, release, and activation of phar-
maceuticals because of their distinctive effects. As a
result, UCNPs have been the subject of substantial
research as a cancer immunotherapy in recent years.

Toxicity of UCNPs

Comprehensive studies annually explore the bio-
medical applications of various nanoparticles. Ear-
lier research suggests upconversion nanoparticles
(UCNPs) pose no apparent toxicity in vitro and
in vivo. However, their long-term impact on small
animals, interaction with the immune system, and
influence on blood proteins are unclear. Lanthanide-
doped nanoparticles, including UCNPs, lack suf-
ficient toxicity data crucial for understanding their
impact on biological cells. Systematic research is
essential to address these gaps and draw accurate con-
clusions about their safety and biomedical potential
[79, 80].

Recent research has explored diverse properties
of nanoparticles, such as chemical composition, size,
morphology, structure, lanthanide ion concentration,
and surface ligands. However, comparing findings
across studies on the potential toxicity of upconver-
sion nanoparticles (UCNPs) is challenging due to
these variations. In vitro cytotoxicity studies using
various cell cultures suggest the need for in vivo ani-
mal studies to assess long-term safety.

In a thorough in vivo investigation con-
ducted by Xiong et al., the prolonged toxicity of
NaYF4:Yb3+, Tm3+ UCNPs coated with PAA was
explored in mice. Post intravenous administration,
UCNPs were initially present in the liver, spleen,
and lungs with minor traces in the kidney and heart.
Within the initial 24 h, accumulation took place in the
spleen, gradually diminishing in the liver. Even after
2 weeks, UCNPs were still observable in the liver
and spleen, highlighting their crucial role in clear-
ance. Three months after injection, UCNPs were still
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noticeable in the intestinal tract, decreasing by the
fourth month. Despite the persistent luminescence,
mice exhibited no signs of health decline, with nor-
mal blood parameters, organ function markers, and
behavior. The spleen’s white pulp displayed minimal
hyperplasia, suggesting negligible nanotoxic effects
[81].

Chatterjee et al. investigated the effects of PEI-
coated UCNPs on rats and cell cultures, finding no
harmful impact on bone marrow-derived stem cells
[36]. Similarly, Xing et al. demonstrated the low
in vitro toxicity of lanthanide-doped UCNPs. In their
study, HL-7702 and RAW?264.7 cells treated with a
high concentration of NaYbF4 (1.6 mg Yb3 +mL —1)
for 24 h exhibited robust survival, with more than
82.7% and 88.9% viability, respectively [82]. Another
examination of NaYF4 UCNPs interaction with liv-
ing cells (HeLa, LO2, KB) revealed minimal toxicity,
as over 80% of cells survived following 24h incuba-
tion with 800 ug mL — 1 UCNPs [83]

Research on the toxicity of upconversion nanopar-
ticles (UCNPs) in biological cells primarily focuses
on their chemical impact and stabilizing ligands.
In vitro studies examine effects on protein regulation,
internalization, targeting, and organelle deposition.
However, limitations exist, and broader considera-
tions, like exposure to external factors or interactions
with other nanoparticles, are gaining attention.

While in vitro cell models provide insights, in vitro
tissue models are underexplored but offer a more
comprehensive understanding of UCNP behavior in
different tissues and vessels. Combining these models
with conventional assays could enhance the assess-
ment of nano-toxicity, providing a fuller picture of
UCNP interactions with biological components over
time.

Conclusion

UCNPs provide us with the opportunity to expo-
nentially improve diagnostic and treatment
approaches for a wide range of disease, disor-
ders, and medical conditions. From their use as
either single-mode diagnostic tools or targeted
therapeutic/drug delivery vehicles to multi-mode
uses, UCNPs can be used for a plethora of func-
tions. Even now, significant work is being done
on these nanoparticles. Current research models

and studies that are testing the use of UCNPs are
understandably limited to cancer detection and
treatment given the widespread nature of the dis-
ease and the amount of academic/research inter-
est it draws. However, this cannot remain the case
forever. There are diseases and medical conditions
that are slowly gaining prevalence, either due to
how deadly or how widespread they are. Detec-
tion of chronic disorders like Alzheimer’s [84],
cardiovascular disease (CVD) [85], and diabetes
[86] can allow the affected to pursue early treat-
ment options and adopt lifestyle changes that can
significantly lower or even completely prevent the
progression of the condition. Additionally, UCNPs
are capable of treating the condition (if treatment
necessitates cellular destruction or via the delivery
of appropriate drugs) and as such can be designed
in such a way that the system is capable of both
detection and treatment if necessary. The scope of
this theranostic system is practically endless. We
could even hypothesize the fabrication of a sys-
tem that exists within our bodies that periodically
pumps these UCNPs tailored for specific diseases.
However, before any of that can be visualized,
we need to understand the limits of UCNPs with
respect to individual conditions and diseases.

New discoveries and approaches regarding their
applicability are under study, but there is still mas-
sive scope left for improvement. We have yet to
realize the full effects of the nanoparticles within
biological systems. Studies relating to their cyto-
toxicity and biological viability are few and far in
between. To fully harness the power of UCNPs,
we need to divert more focus onto the effects these
particles would have on biological systems in the
long run. Once this and a few other aspects, such
as luminescence intensity, choice of dopants, and
host materials have been resolved, UCNPs will be
set to become the preferred choice of approach
for diagnostic as well as combined diagnostic and
treatment avenues.
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