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Chapter 1
Upconversion Luminescent Materials:
Properties and Luminescence
Mechanisms

Dandan Song, Suling Zhao and Zheng Xu

Abstract The upconversion (UC) luminescent materials typically refer to the mate-
rials doped with rare earth (RE) ions or transition metal ions as the luminescence
centers, among which the lanthanides ions possess superior UC efficiency. UC lumi-
nescence (UCL) is a kind of anti-Stokes process, which absorbs two or more photons
with a low energy while emits one photon with a high energy. The energy difference
between the absorbed and emitted photons are typically much larger than kT (k is the
Boltzmann constant and T is the Kelvin temperature). At present, the UCL covers
the whole visible spectrum range, which can be applied in many fields including the
solid laser, the multicolor display technology, the optical data storage, the biological
probe, and the bio-imaging. Especially in the biological field, the UC materials can
penetrate a much depth in the body benefiting from its infrared light excitation, and
meanwhile, the florescence emission from the organic molecules can be avoided.
Therefore, the UC materials yield many unique features in the detection and the
identification of the biomolecules. Here, in this chapter, a fundamental description
of the UC processes and the properties of the UC materials is provided. Section 1.1
provides a brief introduction to the UCL materials and the main UCL processes.
Section 1.2 describes the necessary mechanisms and the processes involved in the
UCL. Section 1.3 introduces themethods for improving the luminescent performance
of the UCL materials.
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1.1 Introduction to the Upconversion Luminescence

1.1.1 Upconversion Luminescence

With the materials upon the excitation of certain energy, such as light, heat, electrical
stress, and without chemically changed, it will give the excess energy and back
to its equilibrium state. If the energy is given as the electromagnetic wave in the
visible or near visible range, the phenomenon is called as luminescence (Xu et al.
2004). Luminescent materials include the semiconductor luminescent materials, the
materials with discrete luminescent centers, some special structured materials (like
quantum well), and so on.

Generally, the material will emit photons with a smaller energy than the absorbed
photons, and the difference between the emission spectrum and the absorption spec-
trum is called as the Stokes shift (as can be seen in Fig. 1.1a). If the material emits
photons with higher energy than the absorbed photons, the difference is called as the
anti-Stokes shift. The materials with anti-Stokes shift contain UC materials, mul-
tiphoton absorption materials, hot band absorption, and triplet-triplet annihilation
(Zhu et al. 2017), which possess many unique properties in the application. The
different emission processes can be seen from Fig. 1.1b–f. In a Stokes shift process,
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Fig. 1.1 Stokes shift and anti-Stokes shift luminescence processes. a Absorption and emission
spectra of the Stokes shift materials; b Stokes shift luminescence process; c two-photon absorption
process; d hot band absorption process; e triplet-triplet annihilation process; f UC process (O’Brien
1946)
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according to the general luminescent materials, the electron at the ground state cap-
tures the energy of the incident photon and jumps to the excited state, and then it back
to the ground state by emitting a photon with lower energy and losing the excessive
energy. In the two-photon absorption process, the electron absorbs two photons with
low energy and jumps to the excited state, followed by emitting one photon with
high energy. In the hot band absorption process, the electron absorbs the hot energy
and the photon simultaneously, and then emits a photon with high energy. In the
triplet-triplet annihilation process which mainly occurs in the organic materials, two
triplet excitons with low energy generate one singlet exciton with high energy.

In the UC process, the electrons capture two or more photons by absorption or
energy transfer, and then gives photons with high energy when electrons transit to
a lower state or the ground states (the energy difference is much larger than kT).
The UC process is an important example of the anti-stokes shift, which effectively
increases the photon energy by a factor of 2 or more. Hence, the UC process can
translate the infrared light to the visible light. Different from other multiple photon
absorption process, the UC process can occur at low excitation density.

The discovery and the research of the UCL phenomenon starts from the middle of
last century.Before 1940s, itwas found that a type of phosphor could emit visible light
upon excitationwith infrared light (O’Brien 1946), and this phenomenonwas defined
as the UCL. However, this actually is a kind of infrared stimulated luminescence.
In 1959, Bloebergen et al. proposed a design of the infrared quantum counter by
translating the infrared photons into visible photons through a sequential absorption
process of the ions (Bloembergen 1959), i.e., the sequential absorption by the excited
states of the ions, which is the earliest description of achieving UCL via excited
state absorption. In the middle of 1960s, Auzel et al. investigated the UCL from
the materials co-doped with RE ions (Auzel 1966). They discovered the UCL in
the materials with Yb3+ ions co-doped with other RE ions such as Er3+, Tm3+, and
Pr3+. They attributed the UCL to the addition de Photons par Transferts d’Energie
(APTE) i.e., the energy transfer upconversion (ETU) (Cresswell et al. 1978; Zhou
et al. 2012; Auzel 1973) by exciting Yb3+. The concept of ETU by other ions to
boost UCL increases the UCL efficiency by a large content, and also it makes the
realizing of lasers with single frequency pumping to be possible. In 1979, Chivian
et al. discovered the photon avalanche (PA) UC process in the infrared quantum
counter based on Pr3+ ions.

Besides the RE ions, some transition metal ions as the luminescent centers are
also found to be able to exhibit UCL. In 1978, Cresswell et al. utilized Re4+ ion to
replace Yb3+ ion in Yb–Tm system in Cs2NaYCl6 matrix, which enabled the UC
from the infrared light to green light (Cresswell et al. 1978). Auzel et al. observed
UC emission from MgF2:Ni2+ (Moncorgé et al. 2006). In addition, Ti2+ (3d2) ion,
Cr3+ (3d3) ion, Mo3+ (4d3) ion and Os4+ (5d4) ion are also proved to be able to exhibit
UCL (Auzel 2004). However, due to the strong Stokes shift of d ions in the medium
crystal field, the UCL from the transition metal ions is not as efficient as that from
the RE ions.

The UC materials were mainly utilized in the field of lasers in the initial stage
since they were discovered, which could convert the infrared light to the visible laser.
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In 1971, Johnson et al. firstly realized the green laser fromUCL using flash gun as the
pump at 77K utilizing BaY2F8: Yb/Ho and BaY2F8: Yb/Er UC materials (Xu et al.
2004). In 1987, Antipenko et al. realized the laser by UCL of BaY2F8: Er material
at room temperature. At present, the lasers in violet, blue, green, and red spectrum
are all be realized by using UCL at room temperature, and the highest power reaches
1238 mW and the slope efficiency reaches 46.6% (Fujimoto et al. 2013). The UCL
can also be utilized in solar cells, which can convert the infrared part of the solar
spectrum to the visible region where the solar cell is able to absorb. Hence, the
absorption of the solar spectrum by the solar cells can be improved (Huang et al.
2013). However, due to the relatively low UC efficiency of the UC materials, the
improvement in the final efficiency of the solar cells is few. The UCL also possess
advantages in other applications, such as 3D displays and anti-forgery technologies.

An extreme important application of the UC materials is in the biological fields.
With the developments of the biological technologies, labeling, imaging, and detect-
ing of the biomolecules bymeans of the luminescence becomemore andmore impor-
tant. A variety ofmaterials, including fluorescent protein, organic dyes, organometal-
lic compounds, semiconductor quantum dots and so on, can be used as the fluores-
cence probe. However, the excitation of these materials requires the photons with
high energy, which may damage the DNA and cells (Zhou et al. 2012). Moreover,
the biomolecules may also be excited simultaneously, which also emit light and
disturbs the detection. Therefore, the anti-Stokes shift materials with the ability of
converting near-infrared to visible light are of great advantages in this field. The UC
nanoparticles with lanthanide metal ions as the luminescent centers are capable of
emitting visible light at a low excitation influence, which are successfully applied in
biological labeling, imaging, and thereby.

1.1.2 The Main Processes in Upconversion Luminescence

Typically, the luminescence only involves one ground state and one excited state.
In UCL, there are many metastable excite states involved. The superposition of
the energy from these intermediate states enables the conversion from low energy
photons to high energy photons. Ions with f and d levels contain themetastable states,
and hence in theoretically, the RE ions with f level (4f, 5f) and the transition metal
ions with d level (3d, 4d, 5d) are able to create UCL.

As each type of ions has their certain energy levels, so the UC processes are
also different among different ions. There are basically three kinds of UC processes,
including the excited state absorption (ESA), the photon-avalanche (PA) and the
energy transfer upconversion (ETU, or addition de photon par transferts d’energie,
APTE). A schematic illustration of the different UC processes is shown in Fig. 1.2.

The UCL based on ESA process is realized through the sequential absorption at
the excited state, as shown in Fig. 1.2a, the electron jumps to the metastable excited
state E1 by absorbing a pump photon and then jumps the excited state E2 by absorbing
another pump photon. The transition from E2 to the ground state G creates a photon
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Fig. 1.2 Schematic illustration of the UC processes. a Excited state absorption (ESA); b energy
transfer upconversion (ETU); c photon-avalanche (PA). The red, dashed grey and green arrows
represent the absorption process, the energy transfer process and the emission process, respectively

with higher energy that equals to the sum of two pump photons. The UCL based
on ETU process also involves the metastable excited state absorption, whereas the
metastable excited state absorption is assisted by the energy transfer from another RE
ion instead of direct absorption of the pump photon in ESA process. As can be seen
in Fig. 1.2b, the electron of one RE ion absorbs the pump photon and jumps to the
metastable excited state E1, followed by obtaining additional energy from adjacent
ion through energy transfer and then jumping to a higher excited state E2, realizing
the energy upconversion. The PA process is shown in Fig. 1.2c, the electrons are
populated at the metastable excited state by nonresonant absorption and then jump
to a higher excited state by the resonant absorption of the pump light.

In these three processes, the UC efficiency of the ESA process is relatively low,
and the UC efficiency of the ETU process is the highest. Therefore, the efficient
UC materials are based on the ETU process. The performance of some typical UC
materials based on different processes are listed in Table 1.1 (Auzel 1973, 1975,
1990; Nakazawa and Shionoya 1970; Auzel and Pecile 1973, 1976; Page et al. 1998;
Chamarro and Cases 1988; Wu et al. 1994; Hubert et al. 1986; Salley et al. 2001;
Hehlen et al. 2001).

1.1.3 Upconversion Materials

(1) Catalogues of the UC materials
In UC materials, ions with the metastable excited states are the luminescent
centers, which upconvert the energy. Now the ions with certified UCL are
the RE ions and the transition metal ions which contain f or d energy level.
Figure 1.3 presents the ions which are capable for UCL in the periodic table of
elements, including lanthanides ions (Pr3+ (4f2), Nd3+ (4f3), Sm3+ (4f5), Eu3+
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Table 1.1 Performance of the UCmaterials based on different processes (Auzel 1973, 1975, 1990;
Nakazawa and Shionoya 1970; Auzel and Pecile 1973, 1976; Page et al. 1998; Chamarro and Cases
1988; Wu et al. 1994; Hubert et al. 1986; Salley et al. 2001; Hehlen et al. 2001)

Matrix RE ions Process Temp (K) Effiiency
(cm2/W)n−1

References

YF3 Yb3+–Er3+ APTE (ETU) 300 ∼= 10−3 Auzel (1973)

SrF2 Er3+ ESA 300 ∼= 10−5 Auzel (1973)

YF3 Yb3+–Tb3+ Cooperative
sensitization

300 ∼= 10−6 Auzel (1973)

YbPO4 Yb3+ Cooperative
luminescence

300 ∼= 10−8 Auzel (1990),
Nakazawa and
Shionoya
(1970)

CaF2 Eu3+ Two-photon
absorption

300 ∼= 10−13 Auzel (1973)

YF3 Yb3+–Er3+ APTE (ETU) 300 2.8 × 10−1 Auzel and
Pecile (1973)

vitroceramics Yb3+–Er3+ APTE (ETU) 300 2.8 × 10−1 Auzel (1975)

NaYF4 Yb3+–Tm3+ APTE (ETU) 300 3.4 × 10−2 Auzel and
Pecile (1976)

YF3 Yb3+–Tm3+ APTE (ETU) 300 4.25 × 10−2 Auzel and
Pecile (1976)

vitroceramics Yb3+–Tm3+ APTE (ETU) 300 8.5 × 10−2 Auzel and
Pecile (1976)

NaYF4,
Na2Y3F11

Yb3+–Er3+ APTE (ETU) 300 10−2 to
2 × 10−4

Page et al.
(1998)

NaYF4 Yb3+–Er3+ APTE (ETU) 300 2.5 × 10−4 Hehlen et al.
(2001)

NaYF4 Yb3+–Tm3+ APTE (ETU) 300 5.5 × 10−2 Page et al.
(1998)

NaYF4 Yb3+–Tm3+ APTE (ETU) 300 3 × 10−7 Hehlen et al.
(2001)

fluorohanfnate
glass

Yb3+–Tm3+ APTE (ETU) 300 6.4 × 10−3 Chamarro and
Cases (1988)

fluorohanfnate
glass

Yb3+–Ho3+ APTE (ETU) 300 8.4 × 10−4 Chamarro and
Cases (1988)

vitroceramics Yb3+–Tm3+ APTE (ETU) 300 3.5 × 10−1 Wu et al.
(1994)

vitroceramics Yb3+–Tm3+ APTE (ETU) 300 3.6 × 10−3 Wu et al.
(1994)

ThBr4 U4+ ESA 300 2 × 10−6 Hubert et al.
(1986)

SrCl2 Yb3+–Yb3+ Cooperative
luminescence

100 1.7 × 10−10 Salley et al.
(2001)

SrCl2 Yb3+–Tb3+ Cooperative
sensitization

300 8 × 10−8 Salley et al.
(2001)
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Fig. 1.3 Elements with the ability of emitting UCL in periodic table of elements

(4f6), Gd3+(4f7), Tb3+ (4f8), Dy3+ (4f9), Ho3+ (4f10), Er3+ (4f11), Tm3+ (4f12),
Tm2+ (4f13)), actinides ions (U4+ (5f2), U3+ (5f5)), and transition metal ions
(Ti2+ (3d2), Cr3+ (3d3), Mn2+ (3d5), Ni2+ (3d8), Cu2+ (3d9), Mo3+ (4d3), Re4+

(5d3), Os4+ (5d4)).

RE ions, as the upconversion luminescence centers, include lanthanide and
actinide ions. The upconversion luminescence of lanthanide ions is based on the
electron transition between 4f energy levels. Due to the inner shell configurations of
4f by 5d and 5p, the influence of the crystal field of different host matrix to the 4f–4f
transitions is negligible, which give the stable UCL. When the phonon energy of the
host matrix is low, the rate of the multiphonon relaxation will be reduced (Sangeetha
and van Veggel 2009). In such case, the lifetime of electrons on metastable excited
states will be longer, which will help to realize the high efficient upconversion lumi-
nescence. By doping the lanthanide RE ions in different matrix, we can obtain the
UCL with different colors (Malinowski et al. 2000). For example, co-doping Tm3+

and Yb3+ in fluoride glass can create blue emission (Martı́n et al. 1999; Méndez-
Ramos et al. 2001). There are hundreds of UC materials with different ions doped
in different matrix.

Different from the RE ions which have narrow emission spectra and certain emis-
sion wavelength, the transition metal ions show wide emission spectra. Due to the
sensitivity of the d electrons to the chemical surroundings, the emission color of the
transition metal ions can be adjusted (Ofelt 1962). The transition metal ions can also
be used together with the RE ions to create UCL.

Though the transition metal ions are capable to obtain UCL, the UCL only occurs
at low temperature and the non-radiative rate of the transition metal ions is very
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high, leading to the low UC efficiency. Hence, this chapter mainly focuses on the
UC materials consisted of RE ions, especially the lanthanide ions.

(2) The parameters for evaluating the UC materials
In general, the parameters for evaluating the UCL performance of the UCmate-
rials are the quantum yield (ηQY) and the conversion efficiency (ηCE).

The quantum yield ηQY of the UC materials can be expressed by the following
equation

ηQY = nem/nabs (1.1)

where nem and nabs represent for the numbers of the emitted photons and the absorbed
photons, respectively. In the UCL, the maximum ηQY for a two-photon absorption
scheme is 50%while for a three-photon absorption scheme is 33%. Themeasurement
of the absolute quantum yield of the UC materials can be found in the published
literatures including “Measurement of photoluminescence quantum yields. Review”
(The Journal of Physical Chemistry, 1971, 75, 991–1024) (Lee et al. 2004) and
“Measuring the absolute quantum efficiency of luminescent materials” (Journal of
luminescence, 2005, 115, 77–90) (Rohwer and Martin 2005).

The conversion efficiency ηCE of the UC materials can be expressed by the fol-
lowing equation

ηCE = Pem/Pabs (1.2)

where Pem and Pabs represent for the power of the emitted photons and the absorbed
photons, respectively. As the power of the photons is determined by their wave-
lengths, so the conversion efficiency is not equal to the quantum yield.

Many factors may influence the UC efficiency of the materials, the following are
some important ones.

(a) The energy level structure and the doping concentration of the ions.

The energy difference between the higher energy level and the next lower level
effects the radiation rate of the higher energy level. The bigger the energy difference
is, the lower the non-radiation rate is, which will result a higher radiation rate and
then the higher efficient upconversion luminescence, and vice versa. Generally, a
higher content of doped ions can cause the concentration quench of the upconversion
luminescence due to the cross-relaxation between different ions. In order to avoid
this phenomenon, a low content of doped ions and a high excitation can be combined
to achieve efficient upconversion luminescence (Kaminskii 2013).

(b) The features of the host matrix.

The effect of the host matrix includes the following aspects. (I) The phonon energy
of the host matrix will affect the multiphonon relaxation and the phonon-assisted
energy transfer of excited RE ions, which is one of the key factors related with the
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upconversion efficiency. (II) The crystal symmetry of the host matrix will influence
the electric dipole transition probability of lanthanide ions. Therefore, lanthanide
ions with different radius are doped to induce the lattice expansion or shrinkage to
adjust the crystal symmetry of the host matrix (Han et al. 2014; Zhao et al. 2013).
Or co-doping the transition metal ions increases the electron–phonon interaction of
lanthanide ions by the d orbit effect of transition metal ions (Han et al. 2014; Tang
et al. 2015).

(c) The temperature of the surroundings.

By increasing the temperature, the multiphonon relaxation rate of the higher energy
level also increases, whereas the efficiency of upconversion luminescence will
decrease. In addition, the energy transfer probability assisted by absorbed phonons
will increase and thereby emitted phonons will decrease when the temperature
increases.

1.2 The Processes Governing the Upconversion
Luminescence

The extensive investigated upconversion materials with excellent performance are
RE ions doped upconversion materials. In this section, the upconversion mechanism
will be introduced based on the energy level and electron transition of trivalent
lanthanide ions.

1.2.1 The Energy Level Structure and the Radiative
Transition of Rare Earth Ions (Huang 2002; Yen
and Selzer 1981)

The energy level structure and the electron transition between energy levels of RE
ions are determined by the system Hamiltonian. For a free trivalent RE ion, the
Hamiltonian is as follows

HIsolation center = HE + HS.O. = HO + V + HS.O. (1.3)

HE is theHamiltonianof the electron system, andHS.O. refers to themost important
magnetic interaction (spin-orbit interaction) of f electrons.HO, as a main part ofHE ,
describes the interaction between each valence electronwith the atomic kernel, which
provides the electronic orbits of the 4f valence electrons forming the (4f)N electron
configuration. V is the perturbation term, describing theCoulomb interactions among
the 4f electrons. Vmakes the (4f)N electron configuration splitting to a series of states
with different energy, each of which can be marked with L and S (the LS terms).
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Generally, the mixed configuration induced by V is not obvious and can be ignored.
For a large number of 4f electrons, L and S may represent more than one state, and
an additional quantum number α is introduced.

The Hamiltonian HS.O describing the spin-orbit interaction, which can be under-
stood as magnetic dipole–dipole interactions between the spin and angular moment
of the electrons, can be expressed as follows,

HS.O. =
∑

i

ξ(ri )li · Si (1.4)

The spin-orbit coupling constant ξ(ri) is defined as a sole function of ri, while ri
is the distance of i electron.

To construct wave functions for a multielectron atom on the basis of the cen-
tral field approximation, Russell-Saunders or LS coupling scheme was chosen. It
assumed that the matrix elements of HS.O. is smaller than the distances between dif-
ferent L (orbital moment) and S (spin moment), so the mixing of different L and S
can be ignored. HS.O. can be written as ζL·S, which separates L and S as states of
series quantum numbers L, S, and J. J is the total angular momentum operator which
has 2J + 1 eigenstates represented by the magnetic quantum number MJ = −J, −J
+ 1,……J.

Actually, when different LS close each other, Russell-Saunders is not right.
HS.O.will mix the states with the same quantum number J, MJ but differ LS,
which results in the intermediate coupling eigenstates f N{αSL}J> with the Russell-
Saunders basis of (|f NαSLJ>).

∣∣ f N {αSL}J 〉 =
∑

αSL

c(αSL)
∣∣ f NαSL J

〉
(1.5)

{αSL} usually is the maximum contributor to the Russell-Saunders eigenstates.
For a RE ion in the crystal field, its Hamiltonian can be expressed as

H = HIsolation center + Helectron−static f ield + Helectron−lattice + Hlattice (1.6)

Helectron-static field describes the interaction between electrons and static field. Ionic
energy levels split under the influence of the static field produced by the crystalline
environment, as shown in Fig. 1.4 which is the 4f energy levels of trivalent RE ions.
Meanwhile, the interaction between ions with the static field will influence the free
ion Hamiltonian, which results in the change of the whole energy levels.

Helectron-lattice describes the influence of lattice waves on electrons. It will influence
the light transition form and intensity and relates with the non-radiative relaxation.

H lattice is the lattice vibration energy expressed by phonon mode.
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Fig. 1.4 Energy level of trivalent RE ions

1.2.2 The Radiative Transition of RE Ions

(1) The basic principles on the transition (Huang 2002; Yen and Selzer 1981)

The interaction operator of electrons with electric field or magnetic field is
−μ·E or −M·B, respectively, where μ = ∑

i er i , is the electric dipole moment.
M = ∑

i (e/2m)(li + 2si), is the magnetic dipole moment. The electron transition
probability from the initial state |i〉 to the final state | f 〉 is proportional to the matrix
element of the operator between the state |i〉 and | f 〉, which calls as the line strength
S:

S(i f ) =
∑

a,b

|〈 f |D|i〉|2 (1.7)

D represents the electric dipolemoment operatorμor themagnetic dipolemoment
operator M, the summation extends over all states of |i〉 and | f 〉.

When the total spin of |i〉 state and | f 〉 state is different, the matrix element is
equal to zero. The spin selection rule for the electron transition is�S = 0. However,
the spin is not an effective quantum number due to the spin-orbit coupling, so the
spin selection rule is not strictly followed. Generally, the spin allowed transition (�S
= 0) is stronger than the spin forbidden transition (�S �= 0).

In spectroscopy, another dimensionless parameter called the oscillator strength is
defined as

f = 1

gi

∑ 8π2

3he2
|〈 f |D|i〉|

2

(1.8)
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In this equation, m is the mass of an electron, v is the frequency of the transition,
hv = ∣∣E f − Ei

∣∣ , gi is the degeneracy of the state |i〉, for RE ions, it usually equals
to 2J + 1.

The light absorption intensity Iv(l) is determined by measure the light absorption
coefficient α(v):

Iv(l) = Iv(0) exp[−α(v)l] (1.9)

Iv(l) is the transmission intensity of light v through the thickness l. The absorption
cross section is defined as σ(v) = α(v)/N , where N is the number of the lumines-
cence center per volume. If the absorption is due to the electric dipole transition,
there is the relationship between σ (ν), f ED and SED:

∫
σ(v)dv = N−1

∫
σ(v)dv = 1

4πε0

πe2

mc

[(
n2 + 2

3

)2

· 1
n

]
fED

= 1

4πε0

8π3v

3hc

[(
n2 + 2

3

)2

· 1
n

]
1

ga
SED (1.10)

If the radiation transition is the electric dipole transition, the Einstein spontaneous
emission rate A between the state |i〉 and | f 〉 is:

AED(v) = 1

4πε0

8π2v2e2

mc3

[(
n2 + 2

3

)2

· n
]
fED

= 1

4πε0

64π4v2

3hc3

[(
n2 + 2

3

)2

· n
]
1

ga
SED (1.11)

The above equation also fits to the magnetic dipole transition when substitute f ED
and SED by fMD and SMD,((n2 + 2)/3)2 by n2, respectively.

The relationship between the Einstein stimulated radiation rate Bwith the Einstein
spontaneous emission rate A is:

A/B = (�ω3/π2c3)n3 = (4hv3/c3)n3 (1.12)

(2) J–O theory

J–O theory, established by B. R. Judd and G. S. Ofelt, is the only theoretical model
to analyze the radiation transition of RE ions in solids (Song et al. 2016). It uses the
integrated absorption intensity from the ground state to excited states in themeasured
absorption spectra to calculate the oscillator strengths of the electric dipole multipole
transition, then to calculate the transition probabilities between different states.

Due to the screen from the 5s2, 5p6 orbits, 4f electrons of RE ions in solids are
perturbed by the crystal field. Therefore, their spectra like that of free ions. The crystal
field only effect the location of the energy level around several hundred cm−1.
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The energy level of all free RE ions is constituted by the same (4f)N configurations
and has the same parity. Electric dipole transitions within (4f)N configurations are
forbidden and magnetic dipole transition is allowed. When RE ions were doped in
crystals, their luminescence were detected thanks to the contributions from config-
urations of opposite parity of (4f)N−15d to the wave functions of the (4f)N configu-
rations by the odd parity terms of the crystalline potential expansion. Therefore, the
matrix elements of electric dipole operator between the mixed-parity eigenfunctions
are nonzero. Then the equation of transition rates within (4f)N configurations was
deduced by B. R. Judd and G. S. Ofelt starting from the point of mixed-parity con-
figurations due to the static crystal field effect, which is called as J–O theory and is
the only one theory to calculate the luminescence intensity of RE ions. Also it can
be used in amorphous materials.

Adopting the static model, the system Hamiltonian should be H = Hf + V, Hf is
the Hamiltonian of free ions, V is the crystalline potential and comes from the inter-
action between electrons and crystal field. Judd and Ofelt thought that the expression
of the crystalline potential can be separated into even parity and odd parity parts. The
odd parity parts caused the mixing of the opposite parity of (4f)N−1(n’l’) configura-
tions into (4f)N configuration, then electric-dipole transitions happened. Therefore,
it required that the coefficient Atp (t is odd values) is not equal completely to zero
(Non central coordination field):

V = Veven + Vodd =
∑

t,p

AtpD
(t)
p

D(t)
p =

N∑

j

r tj [
4π

(2t + 1)
]1/2 · Yt,p(θ j , φ j ) (1.13)

where j represents jth electron.
The wavefunction got by the diagonalization of the Hamiltonian of free ions and

Veven was taken to be the zero-order approximate wave function, and the first-order
wavefunction got by the consideration of the perturbation of Vodd as the crystal
field eigenfunction, then the matrix element of the electric dipole operator D(1)

q
between the crystal field eigenfunction should have nonzero values. The zero-order
wavefunction was known if J mixing was not considered, as follows:

〈A| =
∑ 〈

f Nϕ JM
∣∣ · aM (1.14)

〈
f Nϕ JM

∣∣ is the intermediate coupling state, aM is the component coefficient,
ϕ represents other quantum number. Furthermore, it can be written as the (S, L)
coupled Russell-Saunders eigenstate

〈
f Nϕ JM

∣∣ according to the linear combination
of LS basis sets.

According to the perturbation theory, the first-order wavefunction is
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〈B| = 〈A| −
∑

β

〈A|Vodd ||β 〉〈β|
E(A) − E(β)

(1.15)

〈β| is the wavefunction of different parity excited configurations, E(A) and E(β)
is the eigenvalues of 〈A| and 〈β|, respectively.

The electric dipolemoment operatorP can be decomposed as (P(1)
q ) in the direction

of x, y, and z, so there are transitions corresponding to various polarization. When
q = 0, it is π polarization, q = ±1 corresponds to the σ polarization. The matrix
elements of P(1)

q is not equal to zero due to the mixing of odd parity.

〈
B

∣∣P (1)
q

∣∣B ′〉 = −
∑

β

〈A|Vodd |β〉〈β∣∣P (1)
q

∣∣A′〉

E(A) − E(β)
−

∑

β

〈
A
∣∣P (1)

q

∣∣β
〉〈
β|Vodd |A′〉

E(A′) − E(β)
(1.16)

Here the summation is for all |β〉 configurations with opposite parity. It is diffi-
cult to calculate above equation because that all E(β), |β〉 and the odd components
of crystal field contribute to the mixing of opposite parity configurations. At the
same time in 1962, Judd and Ofelt independently made an important hypothesis to
simply this calculation. They used a constant �E irrelevant with ϕ, J, M and β to
substitute E(A)–E(β) and E(A’)–E(β). It means that the energy splitting in the same
configuration is far smaller than the energy difference of different configurations.

Therefore, to calculate above equation 1.16 we can get all J–O parameters. How-
ever, it is difficult to distinguish exactly the absorption lines corresponding to the
transition between the components of two levels of the RE ions doped in crystal or
amorphous materials. In experiment, it needs to sum the transition probabilities of
all components of two levels, which is the line strength:

Sedj j ′ =
∑

a,b

|〈b|D|a〉|2 = e2
∑

λ=2,4.6

Ωλ

∣∣〈 f Nϕ J
∣∣∣∣U (λ)

∣∣∣∣ f Nϕ′ J ′〉∣∣2 (1.17)

〈∥∥U (λ)
∥∥〉

is the reduced matrix element, which can be referred from the reference
(Zhao et al. 2013) or other references. Ωλ is not related to J, but only related to the
crystal field parameters, so it can be used as the adjusted parameter.

1.2.3 The Upconversion Luminescence Based on Excited
State Absorption Process

(1) The excited state absorption (ESA) process

ESA governed UCL was first proposed by Bloembergen et al. In a typical ESA
process (Hehlen et al. 1996), the electrons are pumped by the incident light to the
excited state, then to a higher energy state by further absorbing incident photons,
which results photons with high energy emission. As shown in Fig. 1.5 of the ESA
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Fig. 1.5 Excited state
absorption process of
upconversion

process, the electron at the ground state (G) of the luminescence center absorbs a
photon with the frequency of ω1 and is excited to the metastable excited state E2.
Subsequently, the electron at E2 absorbs another photon with the frequency of ω2

and is excited to the higher excited state E3. The electron transition from E3 to G
gives a photon with the frequency of ω. It is clear that ω > ω1, ω2. Hence, the UCL
is achieved.

The electron transition in the ESA process can be either direct transition or
phonon-assisted transition. Generally, the ESA process requires two pump lasers,
one of which resonates with the ground state absorption (GSA) and the other one
resonates with the excited state absorption. In some conditions, one laser pump may
also be possible, including (i) the absorption energy of the ground state and the
excited state are uniform or the absorption energy difference can be compensated by
the phonons, and (ii) the transitions are in homogeneously broadened in some irreg-
ular materials. The ESA process occurs inner one ion, and hence, it is not affected
by the concentration of the RE ions which avoids the losses induced by the energy
transfer between RE ions.

(2) Examples of the UCL based on ESA process (Xu and Su 2004)

With the pump byKr+ ion laser at 647.1 nm, the luminescence from the excited states
3H4, 1G4, 1D2, and 1I6 of LaF3:Tm3+ can be observed, as shown in Fig. 1.6. The UCL
from the higher excited states (1G4, 1D2 or 1I6) is caused by the ESA process. The
excitation steps are as follows. The electron absorbs the first photon and jumps from
the ground state 3H6 to the excited state 3F2. As the states 3F2, 3F3, and 3H4 are very
close, the electron quickly relaxes to the state 3H4. The electron may absorb another
photon and jumps from the state 3H4 to 1D2, or backs to the ground state by giving
an infrared photon. The electron at the state 1D2 may back to the ground state or the
state 3F4 by giving a visible photon. The electron at the state 3F4 may absorb other
one or two photons and jumps to much higher states (1G4 or 3P1). As the states 3P1
and 1I6 are very close, so the electron at 3P1 will quickly relax to 1I6. Therefore, the
UCL can be observed from the excited states 1G4, 1D2, and 1I6.
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Fig. 1.6 Energy level of
Tm3+ in LaF3 and
upconversion process under
the excitation of 647.1 nm

1.2.4 The Upconversion Luminescence Based on Photon
Avalanche

(1) The photon avalanche (PA) process

The photon avalanche (PA, or absorption avalanche) process was firstly discovered in
LaCI3:Pr3+ material system (Chivian et al. 1979). In this system, the pump frequency
is resonant to the excited state absorption from 3H5 to 3P1 state of Pr3+ ion. Beyond a
critical pump intensity, the luminescence from 3P1 or 3P0 state of Pr3+ ion is enhanced
sharply, and accordingly the absorption of the pump is also increased sharply. This
is the PA phenomenon. The PA process was also revealed in other material systems
like LaBr3:Sm3+ (Krasutsky 1983) and CeCl3:Nd3+ (Pelletier-Allard and Pelletier
1991). As PA produces population in an excited state with energy exceeding that of
the pump photon, it is possible to realize UCL.

The photon avalanche process combines the excited state absorption and the
energy transfer processes. As shown in Fig. 1.7, it shows the condition in a four-
level system, where G, m1, and m2 are the ground state and two metastable states,
respectively, E is the excited state emitting photons. The pump laser with the fre-
quency of ω′ enables the resonant absorption from m1 to E, which is a characteristic
of PA process. Though the ground state absorption may be not resonant to the pump,
a small amount of electrons may absorb the pump photons and jumps to the excited
states between E and m2, then relax to m2. The electron at m2 jumps to m1 and simul-
taneously transfers the energy to an electron at the ground state G to m1. Meanwhile,
the electron transition from E to m1 may excite two electrons from G to m1. Hence,
the resonant pumping of electrons from m1 to E makes the electron population at E
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Fig. 1.7 Photon avalanche
process
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'ω

photon

G
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E

increasing like avalanche. The electron transition from E to G gives a photon with a
higher frequency of ω (ω > ω′), leading to the UCL.

Another characteristic of PA process is an excitation power threshold (Kueny et al.
1989; Guy et al. 1994), which divides the excitation into two different stages. In the
condition of a weaker excitation than the threshold, the UCL is quite weak and the
crystal is transparent for the pump. In the condition of a stronger excitation than the
threshold, the intensity of the UCL is enhanced by several orders and the absorption
of the pump light is strong. Moreover, the concentration of the RE ions shall be high
enough to enable the population of the metastable states by energy transfer.

The UC laser based on PA process avoids the photo-induced degradation of host
materials observed in the laser based on the down-conversion emission by violet
light excitation. Compared with the laser based on ESA process, the laser based on
PA process only requires one resonant transition, it means only pump light needed.
Hence, PA process is also an ideal pump scheme for the UC laser with high dopant
concentration. More information on the mechanisms and the application in lasers of
the PA process can be found in the review of《Photon avalanche upconversion in
rare earth laser materials》(Joubert 1999).

(2) Example of the UCL based on PA process

In CdF2:Tm3+ system, the PA-induced UC emission, which converts the red excita-
tion light to the blue light, can be observed at 77K. The pump light with a wavelength
of 647.7 nm is resonant to the 3H4–1D2 transition from Tm3+ ions, which produces
the blue emission peaking around 450 nm (Ofelt 1962). In LiYF4:Tm3+ system, the
PA-induced UC emission is also proved, which converts the NIR excitation light to
the UV light (Kueny et al. 1993). In this system, the pump photons with a wavelength
of 1.04 μm enables the avalanche excitation of 3F4–3F2 transition, which populates
the energy level with a wavenumber of 15,000 cm−1; subsequently, the population
of the high energy state with a wavenumber of 35,000 cm−1 is realized by multiple
energy transfer processes, leading to the UV emission.
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1.2.5 The Upconversion Luminescence Based on Energy
Transfer

(1) The mechanism of the energy transfer upconversion process

The energy transfer can occur between either same kind or different kinds of RE
ions. Thus, the UCL based on the energy transfer includes two different types (Xu
et al. 2004), (i) the energy transfer between the same kind of ions at the excited states,
and (ii) the sequential energy transfer between different kinds of ions (the generally
defined energy transfer upconversion (ETU) process). Similar to the definitions in
the phosphor field, the ions which absorb light and give the energy are called as the
sensitizer (or donor), while the ions accepting the energy and giving the photons are
called as the activator (or acceptor).

A. Basic principles involved in the energy transfer processes

There are four types of energy transfer process that include the resonant radiative
energy transfer, the resonant non-radiative energy transfer, phonon-assisted non-
radiative energy transfer, and the cross-relaxation between the same kind of ions. In
the resonant radiative energy transfer, the sensitizer emits a photon, followed by the
photon absorption by the activator. This type of energy transfer depends on the shape
of the sample, and also the overlap between the emission spectrum of the sensitizer
and the absorption spectrum of the activator. The resonant radiative energy transfer
is rarely employed in the UCL.

The resonant non-radiative energy transfer, i.e., the Föster energy transfer, is the
most important type in UCL. In this scheme, the sensitizer ion at its excited state
transfers its energy to the acceptor ion through the Coulomb interactions before it is
able to emit a photon, and the overlap of the wave functions between the two ions are
not essential. Föster firstly considered this type of energy transfer as dipole–dipole
interactions (Föster 1948). He assumed that the interaction is strongest in the con-
dition that the electric dipole transitions are all permitted in these two ions (Auzel
1973). The transfer probability is given by:

PSA = 2π

�

∣∣〈Se A0|HSA| S0Ae
〉∣∣2ρE (1.18)

S, A the sensitizer center and the activator center, respectively
HAS interaction Hamiltonian
e, o the excited state and the ground state, respectively
ρE density of states provided by the vibrational motion contributing to the line

broadening of the transition.

For dipole–dipole interactions, the transfer probability can be written as

PSA = (R0/R)i/τs (1.19)



1 Upconversion Luminescent Materials … 19
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Fig. 1.8 Different energy transfer processes between two ions

τ s actual lifetime of the sensitizer excited state
R0 critical transfer distance for which excitation transfer and spontaneous deacti-

vation of the sensitizer have equal probability.
R the actual distance between the sensitizer and the activator, the transfer proba-

bility decreases sharply for R > R0.

The resonant energy transfer shown in Fig. 1.8a can occur if the sensitizer center
S and the activator center A satisfy two conditions: one is that the energy difference
between the excited state and the ground state are the same for the two ions, and the
other one is that the distance between the ions is close enough. If we consider two
ions with different excited state energy, i.e., the energy mismatch exists between the
sensitizer center S and the activator center A, the resonant energy transfer can not
occur. However, it is experimentally found that the energy transfer between S and A
can take place assisted by the phonons, i.e., the phonon-assisted non-radiative energy
transfer, as shown in Fig. 1.8c. In this type of energy transfer, the transfer probability
is given by:

Wnr = W0 exp(−�E/�ω) (1.20)

W0 the transfer probability in the condition of zero energy mismatch
ΔE the mismatch energy between the sensitizer center S and the activator center A
�ω the phonon energy of the host material.

In energy transfer between RE ions, energy mismatch as high as several thousand
reciprocal centimeters are encountered, multiphoton assisted energy transfer have to
be considered.

B. Energy transfer upconversion (ETU) process

Before 1966, all energy transfer considered was that the sensitizer ion is in one of its
excited state while the activator is in its ground state, as depicted in Fig. 1.9a. Auzel
proposed that the activator ions at their excited states were also able to accept the
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Fig. 1.9 The mechanisms of energy transfer (Malinowski et al. 2000)

energy from sensitizer ions (Auzel 1966), as shown in Fig. 1.9b. This kind of energy
transfer is also defined as the sequential energy transfer. The transfer probability can
then be rewritten as:

PSA = 2π

�

∣∣〈Se A0|HSA| S0Aee
〉∣∣2ρE (1.21)

where
∣∣S0Aee

〉
the wave function for the system where the sensitizer is in its ground

state and the activator in a doubly excited state.
The energy transfer from the sensitizer to the activator decreases the electrons and

lifetime of the excited state of the sensitizer, resulting in the weak emission or the
absence of the luminesce from the sensitizer ions. As the excited state of the sensitizer
is excited by a photon with low energy, the energy transfer enables the activator ion
to jump to its high excited states of which the energy may be higher double, triple
or even quadruple than that of the excitation photons. When the activator ion jumps
from the high excited state to its lower state, it will emit a photon with high energy.
As the activator contains several excited states and only one ground state, the electron
population of higher excited states will be achieved by the energy transfer through
the energy superposition of several pump photons. This implies the probability of
themultiphoton upconversion. Thereby, people understood that the energy difference
between different levels, instead of the absolute energy of the energy level, is more
important to the energy transfer between ions. The energy transfer between the same
kind of ions is also called the cross-relaxation upconversion, as shown in Fig. 1.9c

Besides the successive energy transfer described above, the cooperative effect
of ions by their mutual interaction also be used to explain anti-Stokes lumines-
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cence, such as the cooperative sensitization (Fig. 1.9d) and cooperative luminescence
(Fig. 1.9e). In a cooperative sensitization process as can be seen from Fig. 1.9e, the
united two excited sensitizer ions transfer their energy to an activator ion meanwhile,
which enable the acceptor ion to jumps to its high excited energy level. The coopera-
tive luminescence is the emission in a single process of one photon from two excited
interacting ions.

All of the above energy transfer processes are due to the interactions between
the RE ions, so they depend on the concentrations of the RE ions. If the energy
between the sensitizer and the activator is mismatched in the energy transfer process,
the energy difference can be compensated by the phonon. In practice, the energy
difference of the different energy transfer process can be used to estimate which
energy transfer process is the most probable. The outstanding advantage of utilizing
energy transfer process to realize the upconversion laser is that it only requires single
pump with a certain frequency.

(2) The examples based on ETU process (Xu and Su 2004)

The UCL of Pr3+ ion based on ETU process. Upon the pump of two lasers with
the wavelength of 1017 nm and 835 nm, respectively, Pr3+ ions doped in fluoride
host can emit visible lights at different wavelengths. As shown in Fig. 1.10 of the
upconversion processes of Pr3+ in fluoride glass LaF3, the excitation processes are
as follows. The electron at ground state 3H4 absorbs a photon with the wavelength of
1017 nm and jumps to the excited state 1G4, followed by jumping to upper excited
states 3P0, 3P1, and 1I6 upon excitation at 835 nm. The transitions from 3P0, 3P1, and

Fig. 1.10 Upconversion
processes of Pr3+ in fluoride
glass LaF3



22 D. Song et al.

Fig. 1.11 Upconversion
processes of Yb3+–Tm3+

through successive energy
transfer

1I6 states to different lower excited states exhibit the UCL at different wavelengths,
as can be seen in Fig. 1.10.

The UCL from Yb3+–Tm3+ system based on ETU process. Figure 1.11
schematically illustrates the UC process based on the energy transfer from Yb3+

ions to Tm3+ ions. Yb3+ ions are excited by an infrared light with a wavelength of
980 nm, accompanied by the electron transition from the ground state 2F7/2 to the
excited state 2F5/2, which transfer the energy to the neighboringTm3+ ions and back to
the ground states. The Tm3+ ions are excited from the ground state 3H6 to the excited
state 3H5. Afterward, the Tm3+ ions at the excited state 3H5 are further excited to
the upper excited states by absorbing the energy transferred from neighboring Yb3+

ions. The Tm3+ ions at the upper excited states back to the ground state and emit the
UCL.

1.2.6 The Differences Among the Upconversion
Luminescence Processes

In theUCLprocess, one ormoreUCprocessmay be involved. For example, inYb–Er
co-doped system, ETU and ESA probably simultaneously exist in the UCL process.
The sequential absorption in the ESA process is due to the combination absorption
by many excited states of the activator ions, whereas in the ETU process is due to
the absorption by the ground state of the sensitizer ions (the excited state absorption
relies on the energy transfer). Hence, in ETU process, the excitation spectra derive
from the sensitizer ions, and this feature can be utilized to distinguish whether ETU
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or ESA is the main processes creating UCL (Nadort et al. 2016). For instance, in
NaYF4:2%Er, 18%Yb system (Suyver et al. 2005), only the transition 2F7/2 → 2F5/2
of Yb3+ ions is observed in the excitation spectrum, which means that the UCL of
this system is mainly due to ETU from the sensitizer Yb3+ ions to the activator Er3+

ions. In NaYF4:2%Er system (Suyver et al. 2005), the excitation spectrum contains
many transitions such as 4I15/2 → 4I1/2 and 4I11/2 → 4F7/2, which implies that ESA
is the main process for the sequential absorption of photons by Er3+ ions.

The light absorption rate in different upconversion processes is also different. In
ESA UC process, the absorption by the ground state and metastable excited states
occurs in nanosecond time scale (Zhao et al. 2016), and thus, the time to UCL
is also fast. The corresponding transient photoluminescence (PL) decays mono-
exponentially with the elapsing time, as shown in Fig. 1.12a. In ETU process, it
requires a long time as the luminescence of the activator can be produced under at
least twice energy transfer procedure. In the related transient PL, the PL intensity
firstly increases with the elapsing time (generally in the time scale of microseconds)
and then decreases. Hence, in the decay profile of theUCL governed by ETUprocess,
the decay rate of the sensitizer, the rate of the energy transfer and the PL decay rate
of the activator are all included. In the material system in which simultaneously exist
two kinds of UC processes, the PL intensity of the activator decays bi-exponentially
(Fig. 1.12b).

The PA process features an excitation threshold, so its existence can be evaluated
by the relation between the luminescence intensity and the excitation power. The
UCL intensity I generally changes exponentially with the excitation power P, as
shown in Fig. 1.13a (Sangeetha and van Veggel 2009), and no threshold power can
be observed. In contrast, in PA process, the intense UCL can only be observed upon
a certain excitation power. As can be seen from Fig. 1.13b (Singh et al. 2011),
which shows the UCL based on the PA process from LaF3:Er3+/Yb3+ system. It is
clear that in condition of a lower excitation power than the threshold, few UCL can
be observed, while the non-radiative and the downconversion processes govern the
transitions. Upon the threshold, the UCL intensity is increased sharply, indicating

GSA/ETU

Time (a.u.)

GSA/ESA

Time (a.u.)

In
te

ns
ity

 (a
.u

.)

In
te

ns
ity

 (a
.u

.)

(a) (b)

Fig. 1.12 The evolution of upconversion luminescence over time after the excitation from
a GSA/ESA and b GSA/ETU processes
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Fig. 1.13 a Variation of upconversion emission intensity with excitation power density for lan-
thanum zirconate doped with a Ho3+, Yb3+ ratio of 1:3 and 1:2, respectively (Sangeetha and van
Veggel 2009). b Variation of upconversion emission intensity with excitation power density for
various bands from LaF3:Er3+/Yb3+ (Singh et al. 2011)

that the PA process can only occur in the condition of the excitation pump power
beyond the threshold.

The ETUprocess is likely to be confusedwith the cooperative sensitization energy
transfer UC process. For two-photon process, the luminescence intensity from both
processes changes proportionally with the square intensity of the excitation power.
If the lifetime of the emissive energy state of activator ions is much shorter than that
of the excited energy state of sensitizer ions, then the UCL lifetime of these two
processes equals to the half-lifetime of the excited energy state of sensitizer ions.
Generally, these two processes coexist while the probability of ETU process is much
larger (Auzel 1990). Only in some special cases like the absence of real energy states
for energy transfer, such as in Yb3+–Tb3+ system (Kaplyanskii 1987), the cooperative
sensitization process plays the main role in the UCL. In addition, the probability of
the cooperative sensitization process will larger in ion clusters.

Another kind of the UC process is the cooperative luminescence, which mainly
be observed in some crystals with special crystal structure, such as Yb3+ ions doped
CsCdBr3 (Hehlen et al. 1999; Goldner et al. 1997), Cs3Y2Br9 (Lüthi et al. 1998) and
Cs3Lu2Br9 (Hehlen et al. 1996). In these crystals, a large proportion of Yb3+ ions are
paired, and the cooperative luminescence is produced when two excited Yb3+ ions
give the energy out simultaneously.
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1.3 Managing the Upconversion Luminescence Color
and Efficiency of Rare Earth Ions

1.3.1 Managing the Upconversion Luminescence Color
of Rare Earth Ions

The management of the UCL color of RE ions is critical and essential for their
applications in many fields. This is especially important in the complex conditions
in the biological diagnosis field, which requires the UCL to be highly recognized.
The UCL color of RE ions is effected by many factors, such as the type and the
concentration of the dopant ions, the type of the host, and the fabrication methods
(Hutchinson andAllik 1992). The color of the RE ions is commonly adjusted through
the dopant ions, the host and the size of the UC nanoparticles.

(1) Managing the emission color through the dopant ions

The most efficient method to change the luminescence color is choosing different
RE ions, as each type of RE ions has its unique emission peak. Table 1.2 shows the
luminescence properties of the typical doping systems of the UC nanoparticles. In
these systems, Yb3+ is contained as the sensitizer to absorb the excitation light. From
Table 1.2, it is clear that different activators yield different light color, enabling the

Table 1.2 Dopants and hosts for multicolor upconversion crystal (Heer et al. 2003, 2004; Yi and
Chow 2006; Liu and Chen 2007; Qin et al. 2007)

Luminescence

Doped ions Host Blue Green Red References

Tm3+ α–NaYF4 450, 475 (S) 647 (W) Yi and Chow (2006)

β–NaYF4 450, 475 (S) Liu and Chen
(2007)

LaF3 475 (S) Heer et al. (2003)

LuPO4 475 (S) 649 (S) Qin et al. (2007)

Er3+ α–NaYF4 411 (W) 540 (M) 660 (S) Yi and Chow (2006)

β–NaYF4 523, 542 (S) 656 (M) Liu and Chen
(2007)

LaF3 520, 545 (S) 659 (S) Heer et al. (2003)

YbPO4 526, 550 (S) 657, 667 (S) Qin et al. (2007)

Y2O3 524, 549 (W) 663, 673 (S) Wang and Liu
(2009)

Ho3+ α–NaYF4 540 (S) Wang and Liu
(2009)

LaF3 542 (S) 645, 658 (M) Heer et al. (2003)

Y2O3 543 (S) 665 (M) Wang and Liu
(2009)
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luminescence color changing from blue to red (Heer et al. 2003, 2004; Yi and Chow
2006; Liu and Chen 2007; Qin et al. 2007).

In the multiple doping systems, the luminescence color can be tuned either by
varying the type or the concentration of the doping ions. The doping concentration
governs the number and the distance of the doping ions in the host matrix, which
is important for the UC luminescence properties. For example, Liu et al. (Wang
and Liu 2009) utilities the multiple ions co-doping method, and through varying the
doping concentration of different ions to realize the emission of many colors under a
single wavelength excitation (980 nm). By changing the doping concentration of the
two kinds of ions, NaYF4 nanoparticles co-doped Yb/Er with a concentration ratio
of 18/2 mol% present sharp emission peaks from 2H9/2–4I15/2, 2H11/2, 4S3/2–4I15/2
and 4F9/2–4I15/2 transitions of the Er3+ ions (Fig. 1.14a). These peaks correspond to

Fig. 1.14 Upconversion luminescence spectra of nanoparticles in ethanol solution (10 mM) at
room temperature. a NaYF4:Yb3+, Er3+ (18/2 mol%), b NaYF4:Yb3+, Tm3+ (20/0.2 mol%),
c NaYF4:Yb3+, Er3+ (25–60/2 mol%) and d NaYF4:Yb3+, Tm3+, Er3+ (20/0.2/0.2–1.5 mol%).
In c and d, the spectra are normalized by the emissions of Er3+ (660 nm) and Tm3+ (480 nm),
respectively. e–n Photos of the colloidal solution under the excitation of 980 nm. e NaYF4:Yb3+,
Tm3+ (20/0.2 mol%), f–j NaYF4:Yb3+, Tm3+, Er3+ (20/0.2/0.2–1.5 mol%) and k–n NaYF4:Yb3+,
Er3+ (18–60/2 mol%) (Wang and Liu 2009)
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blue, green, and red emissions, respectively, making the nanoparticles displaying the
orange color (Fig. 1.14k). Increasing the doping concentration ofYb3+ ions decreases
the distance between Yb–Er ions, which promotes the back energy transfer fromEr3+

to Yb3+ ions and suppress the excitations of 2H9/2, 2H11/2 and 4S3/2 levels, leading
to the reduced intensity of the blue (2H9/2–4I15/2) and green (2H11/2, 4S3/2–4I15/2)
emissions (Fig. 1.14c). It shows that the relative intensity of the three colors can be
precisely adjusted (as shown in Fig. 1.14i–n) and the multiple emission colors can
be obtained by increasing the doping concentration Yb3+ ions.

By utilizing dual emission process through doping three kinds of RE ions, the
color of the UC emission in the visible region can also be managed. Through adding
two kinds of emission ions (Tm3+ and Er3+) and adjusting their concentrations, the
relative emission intensity of these two kinds of ions can be precisely managed
(Fig. 1.14d), and thus the emission color can be tuned from blue to white (Fig. 1.14
f–j).

(2) Influence of the host materials

As the dopant ions in different host lattice have different symmetry, the emission
color will also be different. FromTable 1.2, it shows that the RE ions exhibit different
emission colors in different host materials.

In the system containing several kinds of dopant ions, the emission color can be
different in different hosts despite of the same doping concentration. For example,
in Ho3+ and Yb3+ co-doped system (Sangeetha and van Veggel 2009), as shown in
Fig. 1.15, the green emission locating around 550 nm deriving from the transition
from 5S2 to 5I8 of Ho3+ ions is more intense in zirconate host than that in silicate host.
This may correlate with the low phonon energy of the zirconate host, which reduces
the multiphonon relaxation process of Ho3+(5I6) → Ho3+(5I7) (corresponding to red
emission), leading to the enhanced green emission and the reduced red emission.

(3) Influence of the nanoparticle size

The UC color of the UCPs can also be adjusted by their size. For instance, Capo-
bianco et al. (Vetrone et al. 2004) found that the red emission from Y2O3:Yb/Er

Fig. 1.15 Normalized upconversion emissions spectra of Yb3+, Ho3+ co-doped silicate compound
(a) and zirconate (b). c Schematic illustration for the mechanism of upconversion (Sangeetha and
van Veggel 2009)
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UCPs was enhanced with the UCP diameter of 20 nm. Song et al. (Wang et al. 2010)
studied the luminescence properties of the Y2O3:Yb/Er UCPs with different diame-
ters (13–55 nm), which showed that the relative intensity of blue and green emission
could be adjusted by varying the UCPs size. In NaGdF4:Yb/Tm UCPs, cutting the
size of the UCPs from 25 to 15 nm reduces the relative intensity of blue emission
(1G4–3H6, 480 nm) compared to that of near-infrared emission (3H4–3H6, 800 nm),
as shown in Fig. 1.16, leading to the change in the emission color (Wang et al. 2010).

As the exciton Bohr radius of the Ln-doped UCPs is quite small, hence, the
mechanism for the management of the emission color by the size of UCPs will
be different. It can be attributed to the surface effect (Li et al. 2012), other than the
quantum size effect like in the quantum dots. Minishing the size of UCPs, the relative
concentration of the surface doping ions increases. As the emission color is the sum
of the emission from both surface and inner ions, hence, varying the UCP size can
adjust the emission color by changing the relative intensity of the emission from
surface and inner ions.

(4) Influence of the excitation conditions

As different RE ions show different response to the excitation light, hence, the emis-
sion color of theUCPswithmultiple ions can also be tuned by changing the excitation
conditions. Deng et al. (2015) reported the emission property of the core/shell UCPs
with NaYF4 as the host. Under the laser excitation at 808 nm, Yb3+ ions are excited
and transfer their energy to Tm3+, leading to the blue emission from the first shell.
Under the excitation at 980 nm, the Yb/Ho/Ce system is excited, leading to the
red emission from Ho3+. Therefore, combining with the change in the excitation
conditions, multicolors can also be obtained from the UCPs.

Fig. 1.16 Normalized upconversion luminescence spectra and TEM images of NaGdF4:Yb3+,
Tm3+ (25/0.3 mol%) nanoparticles with different sizes in cyclohexane solution, the wavelength of
excitation is 980 nm and the power density is 10 Wcm−2 (Wang et al. 2010)
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1.3.2 Optimization in Luminescence Efficiency
and Brightness of the UCPs

(1) Effect of the core/shell structure

In most cases, the lower efficiency of UCNPs, in comparison with their bulk coun-
terparts, is due to the increased non-radiative recombination induced by the surface
defects. As smaller UCNP possesses larger specific surface area, increasing the size
of UCNPs can enhance the luminescence efficiency. However, this enhancement is
little effective, as larger UCNPs will limit their application in many fields. Hence,
a practical method to enhance the luminescence efficiency is to utilize core/shell
structure. Many core/shell structures, such as NaYF4:Yb, Er/Tm@NaYF4 (Liu et al.
2009), NaYF4:Yb, Er@NaGdF4 (Guo et al. 2010), NaGdF4:Yb, Tm@NaGdF4 (Park
et al. 2009), KYF4:Yb, Er@KYF4 (Schäfer et al. 2008), and YOF:Yb, Er@YOF (Yi
et al. 2011), are proved to be able to enhance the UCL efficiency. In the core/shell
structures, the shell materials are typically similar to the host materials of the core.
Compared to the uncoated UCNPs, the core/shell structured UCNPs possess higher
UCL intensity. By doping Ln-ions into the shell, the UCL intensity can be further
increased, such as in the β-NaYF4:Yb, Tm@β-NaYF4:Yb, Er core/shell structure
(Qian and Zhang 2008).

(2) Effect of the host material

The host lattice manipulation may vary the crystal field asymmetries around the
emittingLn-ions, andhigher asymmetry can increase theprobability ofED transitions
and radiative recombination. It is found that the enhanced asymmetry of the crystal
field around Er3+ ions, by applying an external electric field on BaTiO3: Yb/Er film,
enables the enhanced green emission by a factor of 2.5 (Hao et al. 2011), which
proves the function of the crystal field asymmetry in affecting the luminescence
intensity. Doping small ions into the host lattice, such as Li+ ions, can change the
crystal lattice constant and the crystal field asymmetries, which increases the UCL
intensity by 1–2 orders (Chen et al. 2008).

(3) Other methods to improve the UCL efficiency

Surface plasmon-coupled emission (SPCE). By anchoringAgorAunanostructures
on the surface of the UCNPs, the UC emission intensity can be enhanced. This is
due to the enhanced radiative recombination rate by the surface plasmon induced by
the metal nanostructures. For example, Yan et al. (Feng et al. 2009) firstly reported
the enhanced UC emission from NaYF4:Yb, Er UCNPs by coupling Ag nanowires,
and the enhancement of the red emission (650 nm) is much stronger than the green
emission (550 nm). The UC emission of NaYF4:Yb, Tm UCNPs is enhanced by a
factor of 8 through coupling Au shell (Zhou et al. 2012).

Dye antenna enhanced UC emission. It is found that theUC emission can also be
enhancedbyattachingdyemolecules on the surface of theUCNPs.Thedyemolecules
act as antenna for light absorption, which can increase the absorption section and the
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absorption bandwidth, leading to the increased UC emission efficiency. For example,
Schuck et al. (Garfield 2018) utilize dye IR806, which is adsorbed at the surface of
NaGdF4 matrix, to enhance theUC emission fromYb3+ basedUCNPswith a 33,000-
fold increase in brightness and a 100-fold increase in efficiency over bare UCNPs.

References

Auzel F. Compteur quantique par transfert d’energie entre deux ions de terres rares dans un tungstate
mixte et dans un verre. CR Acad Sci Paris. 1966;262:1016–9.

Auzel FE. Materials and devices using double-pumped-phosphors with energy transfer. Proc IEEE.
1973;61(6):758–86.

Auzel F. Rare earth doped vitroceramics: new, efficient, blue and green emitting materials for
infrared up-conversion. J Electrochem Soc. 1975;122(1):101.

Auzel F. Upconversion processes in coupled ion systems. J Lumin. 1990;45(1–6):341–345.
Auzel F. Upconversion and anti-Stokes processes with f and d ions in solids. Chem Rev.
2004;104(1):139–73.

Auzel F, Pecile D. Comparison and efficiency of materials for summation of photons assisted by
energy transfer. J Lumin. 1973;8(1):32–43.

Auzel F, Pecile D. Absolute efficiency for IR to blue conversion materials and theoretical prediction
for optimized matrices. J Lumin. 1976;11(5–6):321–30.

Bloembergen N. Solid state infrared quantum counters. Phys Rev Lett. 1959;2(3):84–5.
Chamarro MA, Cases R. Energy up-conversion in (Yb, Ho) and (Yb, Tm) doped fluorohafnate
glasses. J Lumin. 1988;42(5):267–74.

Chen G, et al. Upconversion emission enhancement in Yb3+/Er3+-codoped Y2O3 nanocrystals by
tridoping with Li+ ions. J Phys Chem C. 2008;112(31):12030–6.

Chivian JS, Case WE, Eden DD. The photon avalanche: a new phenomenon in Pr3+-based infrared
quantum counters. Appl Phys Lett. 1979;35(2):124–5.

Cresswell PJ, Robbins DJ, Thomson AJ. Rhenium(IV) as a sensitizer for two-step blue up-
converters. J Lumin. 1978;17(3):311–24.

DengR, et al. Temporal full-colour tuning through non-steady-state upconversion.NatNanotechnol.
2015;10(3):237–42.

Feng W, Sun LD, Yan CH. Ag nanowires enhanced upconversion emission of NaYF4:Yb, Er
nanocrystals via a direct assembly method. Chem Commun (Camb). 2009;29:4393–5.

Föster T. Intermolecular energy transfer and fluorescence. Ann. Phys. Leipzig. 1948;2:55–75.
Fujimoto Y, et al. Visible fiber lasers excited by GaN laser diodes. Prog Quantum Electron.
2013;37(4):185–214.

Garfield DJ, et al. Enrichment of molecular antenna triplets amplifies upconverting nanoparticle
emission. Nat Photonics;2018.

Goldner P, Pellé F, Auzel F. Theoretical evaluation of cooperative luminescence rate in Yb3+:
CsCdBr 3 and comparison with experiment. J Lumin. 1997;72–74:901–3.

Guo H, et al. Seed-mediated synthesis of NaY F4: Y b, Er/NaGdF4 nanocrystals with improved
upconversion fluorescence and MR relaxivity. Nanotechnology. 2010;21(12):125602.

Guy S, Joubert MF, Jacquier B. Blue upconverted fluorescence via photon-avalanche pumping in
YAG: Tm. physica status solidi (b). 1994;18(1).

Han S, et al. Enhancing luminescence in lanthanide-doped upconversion nanoparticles. Angew
Chem Int Ed Engl. 2014;53(44):11702–15.

Hao J, Zhang Y, Wei X. Electric-induced enhancement and modulation of upconversion photolu-
minescence in epitaxial BaTiO3:Yb/Er thin films. Angew Chem. 2011;123(30):7008–12.

Heer S, et al. Blue, green, and red upconversion emission from lanthanide-dopedLuPO4 andYbPO4
nanocrystals in a transparent colloidal solution. AngewChem Int Ed Engl. 2003;42(27):3179–82.



1 Upconversion Luminescent Materials … 31

Heer S, et al. Highly efficient multicolour upconversion emission in transparent colloids of
lanthanide-doped NaYF4 nanocrystals. Adv Mater. 2004;16(23–24):2102–5.

Hehlen MP, et al. Encyclopedia of materials; science and technology, vol. 4. Elsevier Science
Ltd;2001. p. 9956.

Hehlen MP, et al. Cooperative optical bistability in the dimer system Cs3Y2Br 9:10% Yb3+. J
Chem Phys. 1996;104(4):1232–44.

Hehlen MP, et al. Site-Selective, Intrinsically Bistable Luminescence ofYb3 + Ion Pairs inCsCdBr
3. Phys Rev Lett. 1999;82(15):3050–3.

Huang SH. Luminescence kinetics of ion centers. Science Press;2002.
Huang X, et al. Enhancing solar cell efficiency: the search for luminescent materials as spectral
converters. Chem Soc Rev. 2013;42(1):173–201.

Hubert S, et al. Up conversion process in U4+-doped ThBr 4 and ThCl4. J Solid State Chem.
1986;61(2):252–9.

Hutchinson JA, Allik TH. Diode array-pumped Er, Yb: phosphate glass laser. Appl Phys Lett.
1992;60(12):1424–6.

Joubert M-F. Photon avalanche upconversion in rare earth laser materials. Opt Mater.
1999;11(2–3):181–203.

Kaminskii AA. Laser crystals: their physics and properties[M], vol. 14. Berlin: Springer;2013.
Kaplyanskii AA, McFarlane RM. Spectro-scopy of solids containing rare earth ions. In: Modern
problems in condensed matter sciences, vol. 21;1987.

Krasutsky NJ. 10-μm samarium based quantum counter. J Appl Phys. 1983;54(3):1261–7.
Kueny AW, Case WE, Koch ME. Nonlinear-optical absorption through photon avalanche. J Opt
Soc Am B. 1989;6(4):639.

Kueny AW, Case WE, Koch ME. Infrared-to-ultraviolet photon-avalanche-pumped upconversion
in Tm:LiYF_4. J Opt Soc Am B. 1993;10(10):1834.

Lee WI, Bae Y, Bard AJ. Strong blue photoluminescence and ECL from OH-terminated PAMAM
dendrimers in the absence of gold nanoparticles. J Am Chem Soc. 2004;126(27):8358–9.

Li LL, et al. Biomimetic surface engineering of lanthanide-doped upconversion nanoparticles as
versatile bioprobes. Angew Chem Int Ed Engl. 2012;51(25):6121–5.

Liu C, Chen D. Controlled synthesis of hexagon shaped lanthanide-doped LaF3 nanoplates with
multicolor upconversion fluorescence. J Mater Chem. 2007;17(37):3875.

Liu C, et al. Monodisperse, size-tunable and highly efficient β-NaYF4:Yb, Er(Tm) up-conversion
luminescent nanospheres: controllable synthesis and their surface modifications. J Mater Chem.
2009;19(21):3546.

Lüthi SR, et al. Excited-state dynamics and optical bistability in the dimer system Cs3Lu2Br 9:
Yb3+. J Lumin. 1998;76–77:447–50.

Malinowski M, et al. Optical transitions of Ho3+ in YAG. J Alloy Compd. 2000;300–301:389–94.
Martı́n IR, et al. Infrared, blue and ultraviolet upconversion emissions in Yb3+–Tm3+-doped fluo-
roindate glasses. Spectrochim Acta Part A: Mol Biomol Spectrosc. 1999;55(5):941–5.

Méndez-Ramos J, et al. Optical properties of Er3+ ions in transparent glass ceramics. J Alloy
Compd. 2001;323–324:753–8.

Moncorgé R, Auzel F, Breteau JM. Excited state absorption and energy transfer in the infrared laser
material MgF2: Ni2+. Philos Mag B. 2006;51(5):489–99.

Nadort A, Zhao J, Goldys EM. Lanthanide upconversion luminescence at the nanoscale: fundamen-
tals and optical properties. Nanoscale. 2016;8(27):13099–130.

Nakazawa E, Shionoya S. Cooperative Luminescence in YbPO4. Phys Rev Lett.
1970;25(25):1710–2.

O’Brien B. Development of infra-red sensitive phosphors. JOSA. 1946;36(7):369–71.
Ofelt GS. Intensities of crystal spectra of rare-earth ions. J Chem Phys. 1962;37(3):511–20.
Page RH, et al. Upconversion-pumped luminescence efficiency of rare-earth-doped hosts sensitized
with trivalent ytterbium. In: Advanced solid state lasers, vol. 3;1998.

Park YI, et al. Nonblinking and nonbleaching upconverting nanoparticles as an optical imaging
nanoprobe and T1magnetic resonance imaging contrast agent. AdvMater. 2009;21(44):4467–71.



32 D. Song et al.

Pelletier-Allard N, Pelletier R. An internal quantum counter for lifetime measurements. Opt Com-
mun. 1991;81(3–4):247–50.

Qian HS, Zhang Y. Synthesis of hexagonal-phase core-shell NaYF4 nanocrystals with tunable
upconversion fluorescence. Langmuir. 2008;24(21):12123–5.

Qin X, Yokomori T, Ju Y. Flame synthesis and characterization of rare-earth (Er3+, Ho3+, and
Tm3+) doped upconversion nanophosphors. Appl Phys Lett. 2007;90(7):073104.

Rohwer LS, Martin JE. Measuring the absolute quantum efficiency of luminescent materials. J
Lumin. 2005;115(3–4):77–90.

Salley GM, Valiente R, Guedel HU. Luminescence upconversion mechanisms in Yb3+–Tb3+ sys-
tems. J Lumin. 2001;94–95:305–9.

Sangeetha NM, van Veggel FCJM. Lanthanum Silicate and Lanthanum Zirconate Nanoparticles
Co-Doped with Ho3+ and Yb3+: Matrix-Dependent Red and Green Upconversion Emissions. J
Phys Chem C. 2009;113(33):14702–7.

Schäfer H, et al. Synthesis and optical properties of KYF4/Yb, Er nanocrystals, and their surface
modification with undoped KYF4. Adv Func Mater. 2008;18(19):2913–8.

Singh AK, et al. Photon avalanche upconversion and pump power studies in LaF3:Er3+/Yb3+
phosphor. Appl Phys B. 2011;104(4):1035–41.

Song E, et al. Room-Temperature Wavelength-Tunable Single-Band Upconversion Lumines-
cence from Yb3+/Mn2+ Codoped Fluoride Perovskites ABF3. Advanced Optical Materials.
2016;4(5):798–806.

Suyver JF, et al. Novel materials doped with trivalent lanthanides and transition metal ions showing
near-infrared to visible photon upconversion. Opt Mater. 2005;27(6):1111–30.

Tang J, et al. Selectively enhanced red upconversion luminescence and phase/size manipulation via
Fe(3+) doping in NaYF4:Yb. Er nanocrystals. Nanoscale. 2015;7(35):14752–9.

Vetrone F, et al. Significance of Yb3+ concentration on the upconversion mechanisms in codoped
Y2O3:Er3+, Yb3+ nanocrystals. J Appl Phys. 2004;96(1):661–7.

Wang F, Liu X. Recent advances in the chemistry of lanthanide-doped upconversion nanocrystals.
Chem Soc Rev. 2009;38(4):976–89.

Wang F, Wang J, Liu X. Direct evidence of a surface quenching effect on size-dependent lumines-
cence of upconversion nanoparticles. Angew Chem Int Ed Engl. 2010;49(41):7456–60.

WuX, et al. Infrared-to-visible conversion luminescence of Tm3+ andYb 3+ ions in glass ceramics.
J Lumin. 1994;60–61:212–5.

Xu X, Su M. Luminescence and luminescient materials. Chemical Industry Press;2004.
Yen WM, Selzer PM. Laser Spectroscopy of solids. Springer;1981.
Yi GS, Chow GM. Synthesis of hexagonal-phase NaYF4:Yb, Er and NaYF4:Yb, Tm nanocrystals
with efficient up-conversion fluorescence. Adv Func Mater. 2006;16(18):2324–9.

YiG, PengY,GaoZ. Strong red-emitting near-infrared-to-visible upconversion fluorescent nanopar-
ticles. Chem Mater. 2011;23(11):2729–34.

Zhao T, et al. Upconversion nanocrystals doped glass: a new paradigm for integrated optical
glass;2016. p. AM5C.7.

Zhao C, et al. Li+ ion doping: an approach for improving the crystallinity and upconversion emis-
sions of NaYF4:Yb3+, Tm3+ nanoparticles. Nanoscale. 2013a;5(17):8084–9.

Zhao J, et al. Single-nanocrystal sensitivity achieved by enhanced upconversion luminescence. Nat
Nanotechnol. 2013b;8(10):729–34.

Zhou J, Liu Z, Li F. Upconversion nanophosphors for small-animal imaging. Chem Soc Rev.
2012;41(3):1323–49.

Zhu X, et al. Anti-stokes shift luminescent materials for bio-applications. Chem Soc Rev.
2017;46(4):1025–39.



Chapter 2
Synthesis and Preparation
of Upconverting Phosphor Particles

Bo Qiao, Suling Zhao and Yan Zheng

Abstract In this chapter, the synthesis and preparation of upconverting phosphor
particles will be introduced. The components of rare earth upconversion lumines-
cence materials are the activator, the sensitizer, and the host. There are many kinds
of upconversion luminescence materials that have been discovered so far. Although
they are mainly related compounds of rare earth elements, they can be classified
into vanadates, phosphates, sulfides, sulfur oxides, oxides, oxyhalides, molybdates,
etc. At present, the synthesis of high-quality rare earth halide upconversion lumi-
nescence nanomaterials mainly includes precipitation method, water/solvothermal
method, pyrolysis method and sol-gel method. In order to apply UCNPs biologically,
the hydrophilic modification of the surface, such as addition of carboxyl, amino or
aldehyde groups, is very important and necessary. At the end, the main challenges
of rare earth upconversion luminescence materials will be discussed.

Keywords Upconversion luminescence materials · Rare earth elements · Synthesis
processes · Surface modification · Cytotoxicity

2.1 Introduction

The Upconversion luminescence is the phenomenon of absorbing two or more low-
energy infrared photons and emitting high-energy visible or even ultraviolet photons
by doping with different rare earth ions in host materials and excited with infrared
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light to achieve red, green, blue and even the ultraviolet light emission. Due to the
unique electronic structure of rare earth ions, rare earth ions have excellent fluores-
cence properties.

In the upconversion luminescence materials, the luminescent centers are mostly
rare earth ions, such as Tm3+, Er3+, Ho3+, Pr3+, Nd3+, and Sm3+. Because rare earth
ions have abundant energy levels, especially the crystal field of host materials makes
each energy level further split, the increasing level density results in the increase of
energy level matching opportunities. At the same time, the energy transfer between
rare earth ions and the concentration quenching is more likely to occur. Therefore,
it is necessary to consider the upconversion process to select the appropriate excita-
tion wavelength and level matching as well as to select host materials with suitable
phonon energy to avoid non-radiative transitions. In order to improve the absorption
of infrared light, it is often co-doped with sensitizer ions in the host materials. The
most common sensitizer is Yb3+ because the energy level structure of Yb3+ ions is
simple and easy to match the energy levels of other rare earth ions.

There are hundreds of rare earth ion doped upconversion luminescence materials,
according to the different material components, they can be divided into fluoride,
oxyhalide, oxide, and composite oxide. Among them, fluoride plays an important
role and the upconversion luminescence efficiency is obviously higher than that of
other materials due to low phonon energy of fluoride host materials. According to the
different material structures, host materials can also be divided into glass, ceramic,
polycrystalline, and single crystal. According to the size of materials, they can be
divided into bulkmaterials, micro-materials, and nanomaterials.With the rise of nan-
otechnology, the nanocrystallization and its related research has gradually become a
hot spot. Compared with the traditional fluorescent or quantum dot materials, the rare
earth doped upconversion luminescence nanomaterials use near infrared-light as the
excitation light source, which is a special rare earth doped luminescencematerial and
mainly characterized as a typical anti-Stokes luminescence material. Besides, it has
a larger anti-Stokes shift, which is different from the common Stokes luminescent
materials. The infrared light as the excitation source is different from the traditional
ultraviolet light source, which inherits many excellent characteristics of the infrared
light. Therefore, the application of the upconversion luminescent nanomaterials has
unique advantages in the biological field. First, the infrared light in biological optical
window can effectively penetrate biological tissue. Second, organic materials of bio-
logical tissues have very low absorption to the near-infrared light and are not easily
excited, then they are less likely to generate upconversion luminescence. Therefore,
the upconversion luminescence signal generated by the nano upconverting lumi-
nescence materials in the living body has extremely high Signal-to-noise ratio, a
good probe for bioimaging and medical detection. Third, the ultraviolet light is more
harmful to the biological tissue, while the near-infrared light is relatively safe and
even higher power laser light irradiates the biological tissue only generates a lower
heating effect. All of these advantages make the upconversion luminescent materials
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very broad prospects in biological applications such as bioimaging, biodetection,
photodynamic therapy, and targeted transportation. In addition, the upconversion
luminescent nanoparticles also have a wide range of applications in the fields of
solar cells, 3D displays, ion detection, and illumination.

2.2 The Components of Rare Earth Upconversion
Luminescence Materials

As early as the late 1950s, upconversion of CdS luminescence has been observed
(Yi and Chow 2007). Auzel (Zhang et al. 2012) discovered the effect of sensitizer
Yb3+ on the luminescent properties of many luminescent centers such as Ho3+. Since
then, people have begun to analyze and characterize various properties of upconver-
sion luminescent materials both theoretically and experimentally. Especially since
the report of the upconversion nanomaterials by Professor Gudel in 2004 (Heer et al.
2004), the study of upconversion luminescence is re-up boom. Whether bulk mate-
rials or nanomaterials, upconversion luminescence materials mainly consist of two
major components: the host material and the luminescence center, where the lumi-
nescence center includes the sensitizer and the activator, and only the luminescence
center with a longer excited state lifetime can generate effective upconversion lumi-
nescence. Lanthanide rare earth ions have a longer excited state lifetime than that
of common ions, so lanthanide rare earth ions are usually selected as luminescence
centers to obtain high-efficiency and stable upconversion luminescence by through
mono-doping or double ions co-doping. Mono-doped up-conversion luminescent
materials are usually composed of the activator and the host, and co-doped is based
on the activator, the sensitizer, and the host. The following will introduce each of
these three components:

2.2.1 The Host

The host is the main component of the upconversion luminescence materials. Nor-
mally, the host does not contribute to the luminescence, that is, does not participate
in the transition between the electron levels of the luminescence center, its main
role is to provide a suitable crystal field environment around the luminescent center
to produce a specific emission. However, the crystal structure of the host material
determines the distance between the doping ions and their spatial positions, and also
determines the coordination of the doping ions and the type of anions around them.
Therefore, the interaction between the host lattice and dopant ions influences the
upconversion luminescence properties of the dopant ions. In general, the choice of
host materials based on the following aspects: 1. The host material for the excitation
and emission of light must have high transparency. Therefore, most of the host mate-
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rials have a wide bandgap that allows transmission of ultraviolet to infrared light.
For example, YF3 can provide a wide bandgap of >10 eV. 2. The host material can
be doped with lanthanide rare earth ions, and the solubility of lanthanide rare earth
ions in the host should be high. 3. The low phonon energy of the host material is
required to minimize deleterious non-radiative relaxations that weaken the upcon-
version luminescence efficiency; 4. The host material needs to have an excellent
chemical stability and thermal stability to retain the original crystal structures. 5.
The host material needs to have a certain mechanical strength to reduce the possibil-
ity of mechanical damage. All trivalent rare earth ions show similar ionic radii and
chemical properties. Therefore, their inorganic compounds are ideal host materials
for lanthanide-based rare earth ions doping to achieve upconversion luminescence. Y,
Gd, Lu, and La are usually selected as host elements. In addition, alkaline earth metal
ions such as (Ca2+, Sr2+, Ba2+) and some transitional metal ions such as (Zr4+, Ti4+)
also have similar ionic radius as lanthanide ions (Wang and Liu 2009). Therefore,
some inorganic compounds containing these ions, which can avoid crystal defects
and lattice stress when they are doped with lanthanide ions, are also frequently used
as upconversion luminescent host materials (Wang et al. 2009a; Zheng et al. 2013a;
Patra et al. 2002, 2003) such as NaYF4 (Baldini et al. 2007), Y2O3 (Vetrone et al.
2004), YF3, CaF2 (Wang et al. 2009a). However, lanthanide rare earth ion doping in
these materials is usually accompanied by defects such as cationic vacancy defects,
while interstitial anions are often used to balance the charge neutrality.

It has been demonstrated in Sect. 2.1 that the transitions between 4f-4f levels of
the trivalent lanthanide rare earth ions (Ln3+ ions) are parity forbidden. When they
are doped in compound and surrounded by inorganic lattices, the effect of crystal
field to them is different due to that are in different positions in the crystal lattice.
In the asymmetrical crystal field, the f-state of Ln3+ ions can interact with other ion
states with opposite parity, resulting in the mixture configuration of odd-parity. Then
the parity forbidden can be broken partially. This mixture configuration comes from
the point-symmetry change and is favorable for 4f-4f energy level transitions of Ln3+

ions, which makes the originally forbidden 4f-4f electric dipole transitions become
permissible, so the crystal structure of the host material has a great influence on
the upconversion efficiency. The improvement of the asymmetry of the host crystal
is an important means to improve the upconversion luminescence efficiency. In the
low-symmetry rare earth ion-doped host material, such as in the hexagonal β-phase
NaYF4, the absorption and emission cross-sections of rare earth ions are about an
order of magnitude larger than that in the inversion-symmetrical α-phase NaYF4, so
that the upconversion light emission intensity is strong in β-phase NaYF4 (Krämer
et al. 2004). Therefore, the upconversion luminescence can be regulated by adjust-
ing the local crystal field of luminescent centers in inorganic host materials, but this
adjustment may change the spatial distance between the luminescent centers, result-
ing in excessive multiphonon cross-relaxation and other energy transfer process.
Another very effective way is to dope other optically inactive ions to compensate the
side effects of crystal field regulation. In general, the main consideration in selecting
these inactive ions is whether the cation radiusmatches the valence state.Many alkali
metals and transition metal ions are often used to regulate the local crystal field of
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rare earth ions in the host. Because Li+ ions have a relatively small cation radius,
they are considered to be randomly distributed on the lattice sites or in the lattice as
interstitial ions, which makes Li+ suitable for adjusting the local crystal field of the
host lattice. Zhang et al. first reported the doping of Li+ ions in Y2O3 to increase the
upconversion luminescence of Er3+ by 25 times. This is mainly because Li+ doping
breaks the symmetry of the crystal field around the rare earth ions (Chen et al. 2008).
Subsequently, various studies have been reported to enhance upconversion lumines-
cence by adjusting the local crystal field of rare earth ions in different matrices. For
example, NaYF4:Yb,Er nanoparticles are doped with 80% Li+ ions, and the upcon-
version emission is enhanced 30 times (Wang and Nann 2009); By assuring that the
particle size does not change substantially, the upconversion luminescence intensity
is increased by co-doping Li+ and K+ in NaYF4:Yb, Er (Liang et al. 2017).

In addition, the crystal structure of the host determines the phonon diagram of the
material, which describes the allowed vibration modes in the crystal. Excited elec-
trons can be relaxed to low energy levels by emitting phonons or phonon-assisted
nonresonant energy transfer. Fluorides are often used as host materials because they
have relatively low phonon energy (≤600 cm−1), which limits the path of multi-
phonon nonradiative relaxation.

2.2.2 The Activator

The activator is the luminescent center of the upconversion luminescent nanomaterial.
As the source of fluorescence in the whole material, it is required that the activator
ion has rich energy levels, and its intermediate state needs a longer lifetime. When
electrons in the ground state of activator ions absorb energy and are excited to the
intermediate state, these electrons in the intermediate state can jump further to a
higher level by absorbing the excitation photons or by energy transfer from excited
sensitizers or other excited activator ions. Then de-excitation back to the ground state
and upconversion light emission occurs. In addition, in order to avoid the quenching
due to the cross-relaxation between activator ions, the doping concentration of the
activator should not be too high, that is, the average distance between the activator
ions should not be too close.

Trivalent lanthanide rare earth ions are the best activators for upconversion lumi-
nescence. Their absorption and emission spectra aremainly due to transitions of the 4f
electrons, and the interaction between the 4f electrons and the host is small. Because
these rare earth ions all have abundant, step-like energy levels, the energy difference
between different energy levels corresponds to the energy of infrared photons or
visible photons, respectively. The splitting of the same energy level is very narrow,
at about 10–100 cm−1. In addition, intermediate energy levels of many lanthanide
rare earth ions have long lifetime of about 10 μs–10 ms, which favors electrons at
these levels to jump further to higher energy levels by absorbing energy and emit
light. The major emissions and corresponding energy transitions for making multi-
colored UCNPs by using different dopant ions are listed in Table 2.1. Lanthanide
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rare earth ions such as Pr3+, Tb3+, Sm3+, Nd3+, Ho3+, Tm3+, and Er3+ are common
activator ions. Among these rare earth ions, Er3+ has the best upconversion lumi-
nescence properties and is studied widely. In addition to La3+(4f0), Ce3+(4f1) and
Lu3+(4f14) ions, other lanthanide rare earth ions, can also generate upconversion
luminescence through appropriate energy transfer processes. However, the upcon-
version luminescence properties of some rare earth ions, such as Nd3+, Pr3+, and
Sm3+, are weak because that there is a large probability of non-radiative relaxation
inside these ions. Due to the lack of long-lived intermediate states, Eu3+and Tb3+

do not absorb the appropriate energy to allow electrons to jump to higher energy
levels, and thus cannot be upconverted by energy transfer processes. But upconver-
sion luminescence was also observed in Yb3+–Eu3+/Yb3+–Tb3+ systems, of which
the mechanism was explained as a CET process (Martín-Rodríguez et al. 2009).
Because Yb3+ lacks a step-like excited state energy level, although it is often used
as a sensitizer, upconversion luminescence from the Yb3+–Yb3+ complex has also
been observed in single-doped Yb3+ nanomaterials (Nakazawa 1976). Another kind
of special ion is Gd3+ ion, its first excited state energy (about 32224 cm−1) is much
higher than other Ln3+ ions, so it is difficult to achieve upconversion luminescence
through energy transfer between other ions, even if the Yb3+–Yb3+ complex also
transfer their energy difficultly to Gd3+. The upconversion luminescence observed
on Gd3+ reported by the literature is derived from the higher excited state energy
transfer of Tm3+ (Dong et al. 2013).

Due to the complex and dense 4f levels, the doping concentration of activator
rare earth ions cannot be too high. The low concentration doping can avoid unnec-
essary multiphonon assisted cross-relaxation. However, the upconversion lumines-
cence nanomaterials with single rare earth ion doped do not have high absorption
efficiency for infrared light for excitation, which therefore have low up-conversion
luminescence efficiency. The excessively high doping concentration results in flu-
orescence quenching. Therefore, it is necessary to add a sensitizer to enhance the
absorption of infrared light to enhance the up-conversion luminescence efficiency.

2.2.3 The Sensitizer

In the single ion-doped upconversion luminescent materials, the concentration of
dopant ion determines the spacing between ions and the absorption of excitation light.
In the case of high doping concentration, more excitation light can be absorbed, but
at the same time the cross-relaxation process is enhanced and results in luminescence
quenching; at lower doping concentrations, the absorption of light is relatively lim-
ited, and the absorption cross-section of many lanthanide metal ions is low, which is
not conducive to the absorption of excitation light. Therefore, in order to improve the
luminescence efficiency, an ion having a large light absorption cross-section is often
used as a sensitizer co-doped with a luminescent center ion, and the upconversion
luminescence is realized by energy transfer from the sensitizer to the luminescence
center (activator).
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Because sensitizer ions can absorb excitation photonsmore efficiently and transfer
their own energy to activator ions, this requires that the sensitizer must have a large
absorption cross-section to the infrared light and a suitable energy level to match
the energy level of the activator ions. Among all the Ln3+ ions, the energy level
structure of Yb3+ is relatively simple. There are only two energy levels 2F7/2–2F5/2,
of which the energy difference corresponds to the energy of 980 nm photons. The
absorption cross-section of Yb3+ is the biggest among all Ln3+ ions, about 9.11 ×
10−21cm−2. Hence, it is a good sensitizer ion, and often used as the sensitizer in
current upconversion luminescence nanomaterial systems.

The rare earth ion Yb3+ with a simple energy level structure can tolerate high
doping concentration and thus absorb more excitation photons. In contrast, the dop-
ing concentration of activator ions is relatively low, such as less than 2 mol%, to
reduce the loss energy resulted from the inter-ion cross-relaxation processes. After
the sensitizer absorbs the excitation photons, it can effectively transfer the obtained
energy to the activator ion, such as Er3+, Tm3+, thereby improving the upconversion
luminescence efficiency. It was found that Yb3+–Ho3+, Yb3+–Tm3+ and Yb3+–Er3+

are common co-doped systems. In these co-doped systems, there is also an opti-
mal doping concentration of Yb3+ at 20 mol%. If the concentration is too high, the
energy transfer between Yb3+–Yb3+ ions will occur and eventually lead to reduced
upconversion luminescence.

2.3 Major Types of Rare Earth Upconversion
Luminescence Nanomaterials

Since the upconversion luminescence has been reported, the infrared to visible upcon-
version luminescence of different rare earth ions doped crystals, glass, and ceramic
host materials has been widely studied. For host materials, not only is the material
required to have a low phonon energy, good optical properties, but it is also required
a certain mechanical strength and chemical stability. Therefore, finding suitable host
materials is very important for obtaining stable and efficient upconversion lumines-
cence. There are many kinds of upconversion luminescence materials that have been
discovered so far.Although they aremainly related compounds of rare earth elements,
they can be classified into vanadates, phosphates, sulfides, sulfur oxides, oxides, oxy-
halides, molybdates, etc., some of which have been nano-sized. In many nanomate-
rials, sulfides, bromides, and chlorides have low phonon energy, but because of the
harsh reaction synthesis conditions or the special nature ofmaterials, their large-scale
applications are limited. Oxides cannot realize efficient upconversion luminescence
due to their high phonon energy, so the use of oxides has encountered obstacles.
Fluorides have become the focus of attention due to their high stability, low phonon
energy, and being easily doped by rare earth ions.

A very important parameter for upconversion luminescence nanomaterials in the
biological field is the particle size. Typical lanthanide-doped hosts with different
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sizes, crystal structures, and morphologies are listed in Table 2.2. In general, the
crystal structure and particle size relate to the parameters of the host nanomaterial.
The current reported various doped rare earth ion upconversion luminescence nano-

Table 2.2 Typical lanthanide-doped hosts with different sizes, crystal structures and morphologies
(Yi and Chow 2006; Mahalingam et al. 2009; Chen et al. 2010; Ostrowski et al. 2012; Liu et al.
2011; Mai et al. 2006; Li et al. 2008; Park et al. 2009; Wang et al. 2010a; Johnson et al. 2011;
Sarkar et al. 2013; Wong et al. 2011; Wang et al. 2014; Huang et al. 2014; Wang et al. 2011b; Yi
et al. 2011; Zheng et al. 2013b; Chen et al. 2012a)

Host:dopant Size (nm) Crystal structure Morphology References

YLiF4:Yb,Tm ~80 Tetragonal Diamond Mahalingam
et al. (2009)

NaYF4:Yb,Er 13.6 Cubic Polyhedron Mai et al. (2006)

NaYF4:Yb,Er 187 × 71 Hexagonal Hexagonal plates Mai et al. (2006)

NaYF4:Yb,Er 21 ± 0.5 Hexagonal Spheres Li et al. (2008)

NaYF4:Yb,Er 10.5 ± 0.7 Hexagonal Spheres Yi and Chow
(2006)

NaYF4:Yb,Er 4.5–15 Hexagonal Spheres Ostrowski et al.
(2012)

NaYF4:Yb,Tm ~7 Cubic Spheres Chen et al.
(2010)

NaGdF4:Yb,Er 20, 31, 4 Cubic Cube Park et al. (2009)

NaGdF4:Yb,Tm 10, 15, 2 Hexagonal Spheres Wang et al.
(2010a)

NaGdF4 2.5–8 Hexagonal Hexagonal Johnson et al.
(2011)

NaLuF4:Yb,Er 18.9 Cubic Spheres Liu et al. (2011)

NaLuF4:Gd,Yb,
Tm

7.81–17 Hexagonal Spheres Liu et al. (2011)

BaLuF5 <5 Cubic Dot Sarkar et al.
(2013)

KGdF4:Yb,Tm ~3.7 Cubic Irregular Wong et al.
(2011)

KYb2F7:Er 109 × 26 × 12 Orthorhombic Ice lolly stick Wang et al.
(2014)

LiLuF4:Yb,Er 28 ± 1.5 Tetragonal Rhomboid Huang et al.
(2014)

KmnF3:Yb,Er ~30 Cubic Cube Wang et al.
(2011b)

YOF:Yb,Er 15 ± 0.4 Cubic Spheres Yi et al. (2011)

CaF2:Yb,Er 3.8 ± 0.5 Cubic Cube Zheng et al.
(2013b)

YF3:Yb,Er ~3.7 Orthorhombic Irregular Chen et al.
(2012a)
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materials are all between 20 and 50 nm in size. However, for in vivo biodetection,
the ideal nanoparticle size is less than 10 nm, so that nanoparticles can be effec-
tively removed from the body. Therefore, how to obtain upconverting luminescence
particles having a size less than 10 nm and having a strong upconversion lumines-
cence property is very critical for further promoting upconversion luminescence for
in vivo detection. In response to this problem, a series of results have been achieved.
For example, Prasad group reported the synthesis of α-NaYF4 upconversion nano-
materials with a monodisperse size between 7 and 10 nm, which obtained a high
upconversion luminescence (Chen et al. 2010). As the concentration of Yb3+ ions
rise from 20 to 100%, the near-infrared (NIR) emission intensity can be increased
by 43 times. This NaYbF4:Tm3+ nanomaterial with such small particle size has 3.6
times stronger upconversion luminescence intensity than NaYbF4:Tm3+ with a par-
ticle size of 25–30 nm. Cohen’s group obtained β-NaYF4:Yb,Er nanoparticles with
a size of 4.5–15 nm by controlling the synthesis process. These particles with a
core-shell structure of β-NaYF4:Yb, Er@NaYF4 less than 10 nm show an upcon-
version luminescence efficiency of (0.18 ± 0.01%) that is higher than that of 37 nm
β-NaYF4:Yb,Er at (0.14 ± 0.01%) (Ostrowski et al. 2012). Recently, Liu et al. syn-
thesized NaLuF4 upconversion nanoparticles with a hexagonal phase of less than
10 nm, and obtained an upconversion luminescence with a quantum efficiency of
0.47 ± 0.06% (Liu et al. 2011).

The upconversion luminescence properties is another crucial parameter for upcon-
version luminescence nanomaterials. As the particle size decreases, the upconversion
luminescence drops sharply because of the large proportion of doped rare earth ions
distributed on the surface of the nanoparticles. The luminescence quenches due to
surface defects and high energy oscillations caused by weak binding of impurities,
ligands, and solvents on the surface of the particles. In addition, rare earth ions that are
excited inside the particles can also transfer energy to nearby surface rare earth ions,
causing non-radiation transitions. In order to avoid this phenomenon, a layer of host-
lattice-matched shells on the surface of nanoparticles is a method for effectively
improving upconversion luminescence. This method can reduce the non-radiative
relaxation of ions on the surface. In this core-shell structure, the doped rare earth
ions are confined in the core, and the shell layer can effectively suppress the energy
loss on the particle surface to enhance the upconversion luminescence performance.
This method was first reported by Lezhnina and his collaborators, and the core-shell
upconversion nanostructures were realized on EuF3@GdF3, GdF3@EuF3, LaF3:Yb,
Ho@LaF3, LaF3:Nd@LaF3 (Lezhnina et al. 2006). In 2007, Chow et al. achieved
approximately 7–29 times enhancement of upconversion luminescence by preparing
a layer of NaYF4 on the surface of NaYF4:Yb,Er and NaYF4:Yb,Tm nanocrystals.
Since then, many researchers have prepared different types of upconversion lumines-
cence core-shell nanomaterials, such as NaYF4:Yb, Er(Tm)@NaGdF4 (Zhang et al.
2012; Guo et al. 2010), NaYF4:Yb,Er(Tm)@NaYF4 (Mai et al. 2007; Wang et al.
2009b), NaGdF4:Yb, Tm(Er,Nd)@NaGdF4 (Park et al. 2009; Wang et al. 2010b;
Chen et al. 2012b). For the selection of the shell material, generally choose the com-
position, crystal structure or lattice as same as the core host material as the shell
material, that is, the shell material is the same host material but without doping rare
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earth ions,which is a very effective design andmethod to enhance upconversion lumi-
nescence. There also are reports of rare earth ions being introduced into the shell. For
example, Capobianco and his collaborators prepared NaGdF4:Yb, Er@NaGdF4:Yb
core-shell nanoparticles (Vetrone et al. 2009), which not only achieved energy trans-
fer from Yb to Er in the core., the Yb of the shell can also transfer energy to Er in
the core. Then the stronger green and red upconversion luminescence of Er than 3
times and 10 times.

The upconverting luminescent nanomaterials are classified into the following five
categories depending on the composition of the host materials.

2.3.1 Rare Earth Fluorides

Rare earth ion doped fluoride crystals and glasses (including optical fibers) are the
focus and hotspot of upconversion luminescence research. This is mainly due to the
low phonon energy of fluoride hosts, especially the low frequency of phonons in
heavy metal fluoride hosts. Hence, the non-radiative transition probability of the rare
earth ion and the non-radiative cross-relaxation probability between ions are reduced,
which is favor to enhance the radiative transition probability and therefore the upcon-
version luminescence efficiency is high. Many fluorides, such as NaYF4, LaF3, YF3,
and CaF2, can be used as upconversion luminescence host materials. Among them,
NaREF4 type fluorides are the most efficient upconversion luminescence host mate-
rials found so far. They have low phonon vibration energy (<400 cm−1), low non-
radiative relaxation rate and high radiation emissivity.Among this kindfluoride hosts,
the most studied is NaYF4. There are two crystal phases in NaYF4: cubic phase (α)
and hexagonal phase (β). The upconversion luminescence efficiency of the hexagonal
phase NaYF4 is much higher than that of cubic phase NaYF4. In this host material,
doped rare earth ions such as Tm3+, Ho3+, Er3+, etc. are used as activator ions, and
their upconversion luminescence can be achieved under the excitation of infrared
light. In 2006, Wang et al. prepared rare earth ion doped NaYF4 nanoparticles (Patra
et al. 2002). In 2006, Boyer et al. reported a new simple method for the synthesis of
nano-NaYF4:Er,Yb with a particle size of 10–50 nm (Patra et al. 2003). Wang et al.
studied the effect ofGd3+ doping concentration on the crystal phase and luminescence
properties of NaYF4, and also adjusted the upconversion luminescence efficiency by
changing the doping concentration of Gd3+ (Krämer et al. 2004). In 2009, Bogdan
et al. used the thermal decomposition method to prepare NaYF4:Er,Yb, and achieved
the coating and dispersion of nanomaterials by removing the oleate ligands. Red and
green emission of Er ions were obtained (Chen et al. 2008). In order to improve
the upconversion luminescence intensity, Vetrone et al. prepared the NaGdF4:Er,
Yb@NaGdF4 with a core-shell structure, improved the upconversion luminescence
through the core-shell structure and realized the luminescence color regulation (Wang
and Nann 2009; Dong et al. 2015).

It is well known that the method usually used to adjust the upconversion lumines-
cence spectrum is by controlling the doping concentration or changing the type of
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doping ions. However, at high doping concentrations, the concentration quenching
phenomenon in the excited states limits the upconversion luminescence properties.
Therefore, low concentration doping of the rare earth ions must be ensured to reduce
the concentration quenching. Liu et al. prepared a new series of KYb2F7 nanocrys-
tals with an orthorhombic structure in which doped rare earth ions are distributed
in a four-component array. This special distribution saves excitation energy in the
sublattice region of the host, effectively reducing the transfer of excitation energy to
defects. This shows that KYb2F7 not only can be used as a host material, but also can
act as a sensitizer to absorb and preserve excitation energy (Wang et al. 2014). This
result provides a good way for further improving the upconversion luminescence
properties through the energy clusters in the host sublattice.

NaGdF4:Yb,Er, as an upconversion nanomaterial, not only has good upconver-
sion properties, excellent light stability and chemical stability, long lifetime lumi-
nescence, narrow emission band, low background fluorescence, and other common
advantages, but also is an ideal T1 contrast agent that can be applied to both flu-
orescence imaging and magnetic resonance imaging due to the paramagnetic and
a large amount of unpaired electrons from Gd3+ ions. Therefore, the upconversion
nanoparticles NaGdF4:Yb, Er also contain the advantages of high sensitivity, high
resolution, low toxicity, real-time monitoring, etc., which have been the interest of
the research (Chen et al. 2011).

Although the rare earth ion doped fluoride system has a high upconversion effi-
ciency due to its low phonon energy, the disadvantages are also very obvious. The
chemical stability is poor, the mechanical strength is low, the preparation environ-
ment is demanding high, and the production process is difficult and high cost. These
shortcomings have limited its application to a certain extent.

2.3.2 Rare Earth Oxide Series

The rare earth oxide upconversion material has a high phonon energy and therefore
has a low upconversion efficiency. However, it has the advantages of simple prepa-
ration process, low environmental conditions, and large range of components for
forming glass phase, high solubility of rare earth ions, good mechanical strength,
and good chemical stability. The typical rare earth oxide upconversion material is
Nd2(W04)3, which converts 808 nm laser light to visible light at 457 and 657 nm at
room temperature. Er3+ doped YV04 converts 808 nm laser light to 550 nm. Eu3+,
Yb3+ co-doped multicomponent silicate glass prepared by the sol-gel method can
convert 973 nm light to orange light. Zhang et al. reported that the Y2O3:Yb,Er
nanoparticle increases the upconversion luminescence intensity by doping with Li+

ions. This is mainly due to the fact that Li+ has a smaller ionic radius and facilitates
doping. It is more favorable for breaking the symmetry of the crystal field around the
rare earth ions by doping Li+ ions and leads to PL enhancement (Chen et al. 2008).
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2.3.3 Rare Earth Fluoride Oxide Series

As a kind of upconversion materials, the phonon energy of fluoride is small and the
upconversion efficiency is high, but its biggest drawback is poor mechanical strength
and chemical stability, which brings great difficulties to practical applications. In
many host materials, the oxide host has good mechanical strength and chemical
stability, but the phonon energy is large, and the efficiency of upconversion is low.
Oxyfluoride synthesizes above two advantages, and thus has attracted great research
attention. Compared with fluoride glasses, oxyfluoride glasses have much better
laser loss threshold, chemical stability, and mechanical strength. Typical Er3+-doped
oxyfluoride glasses (A1203, CdF2, PbF2, YF3:Er3+) have an excitation wavelength
of 975 nm and an upconversion emission wavelength of 545, 660, and 800 nm.

2.3.4 Rare Earth Halide Series

This rare earth halide upconversion material mainly refers to rare earth ion doped
heavy metal halides. Since they have lower vibrational energy, reduce the effect of
multiphonon relaxation and improve the upconversion efficiency. However, because
chlorides are prone to deliquescence in air, chloride glasses are extremely sensitive
to moisture in the air, making it impossible to prepare and measure spectra in air.

2.3.5 Rare Earth Sulfide Series

Semiconductor nanomaterials such as ZnS can also be used as the upconversion host
material. But in such nanomaterials, due to the mismatch of ionic radii, it has been
debated whether the doped lanthanide rare earth ions mainly exist on the surface
layer of the nanomaterials (Bol et al. 2002). Like rare earth fluorides, rare earth
sulfide upconversion materials also have low phonon energy. However, it cannot be
contacted with oxygen and water during the preparation and must be carried out in
a closed condition. La2S3:Yb3+, Pr3+ glass can upconvert 1064 nm excitation light
to visible light in the 480–680 nm region at room temperature. Among them, Pr3+ is
an upconversion ion and Yb3+ is a sensitizer.

In addition, the rare earth upconversion luminescence material also includes rare
earth ion doped phosphate amorphous material system, fluoroborate glass material
system, and germanate glass system.

In terms of upconversion luminescence efficiency, it is generally considered that
chlorides>fluorides>oxides, which is simply considered from the phonon energy
of the material, but the structure stability of the material is found to be chlo-
rides<fluorides<oxides. This upconversion efficiency order is just the opposite of
the order of structure stability of the material. Therefore, scientists have carried out
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a series of studies and hope to find new host materials that have both the high upcon-
version efficiency as chlorides and fluorides and the structure stability as oxides, to
achieve practical purposes.

In addition, the phase structure of the host material has a great influence on the
upconversion luminescence efficiency. For example, the upconversion luminescence
efficiency of the hexagonal phase NaYF4:Yb,Er is one order of magnitude higher
than that of its cubic phase material. This is because the phase structure of the host
material is different, and the crystal field symmetry of the rare earth ions is also
different. The host material of the low-symmetry phase structure has more unpaired
components around the doped ions than the hostmaterial of the high-symmetry phase
structure. This makes the doping ions have a higher transition probability.

2.4 Synthesis of Rare Earth Upconversion Luminescence
Nanomaterials

At present, the synthesis of high-quality rare earth halide upconversion luminescence
nanomaterials mainly includes precipitation method, water/solvothermal method,
pyrolysis method, and sol-gel method as shown in Fig. 2.1. In order to prepare
nanoparticles having a uniform particle size, controllable morphology, and high
upconversion luminescence efficiency, it is sometimes necessary to combine the
advantages of various methods. The raw materials for synthesizing rare earth upcon-
version luminescence nanoparticles are divided into precursors and stabilizers. Pre-
cursors are the core part of the nanoparticles, while stabilizers (also known as lig-

Fig. 2.1 TEM images of UCNPs. a LaF3:Yb,Er, (solvothermal method), b NaYF4:Yb,Er(Tm)
(solvothermal method), c NaYF4:Yb,Er(Tm)(precipitation method), d NaYF4(thermal decomposi-
tion), e NaYF4:Yb,Er (thermal decomposition), and g, h NaYF4:Yb,Er (hydrothermal method)



2 Synthesis and Preparation of Upconverting Phosphor Particles 47

ands) are used to prevent agglomeration of nanoparticles, regulate the particle size
of nanoparticles, and protect the surface and slow down the continued growth of
nanoparticles. The following is a brief introduction to the currently widely used
methods.

2.4.1 The Precipitation Method

A precipitant is added to a soluble salt solution containing one or more ions to react
to produce a sparingly soluble product that is precipitated from the solution. The
excess ions in the original solution are washed off and dried to obtain the desired
nanomaterial. This method is called as the precipitation method. If a precipitant is
added to the above solution, all the ions are completely precipitated, which is called
co-precipitation. The precipitation method is one of the most traditional methods,
and rare earth nanoparticles with small particle size and narrow size distribution
can be prepared. Compared with other methods, the precipitation method does not
require complicated and expensive equipment, and the reaction conditions are mild
and time-saving. However, the thermal post-treatment is generally required to obtain
crystalline nanoparticles with a higher degree of crystallization.

There are only a few reported syntheses ofUCNPswithout thermal post-treatment.
Co-precipitation solvents usually use surfactants, such as polyvinylpyrrolidone
(PVP) and PEI, to control, stabilize, and surface functionalize nanoparticles. This
process is easy to control and industrialize large-scale production. Yi et al. (2004),
Wei et al. (2007) synthesized α- NaYF4:Yb,Er nanoparticles in aqueous solution
by using soluble rare earth compounds and fluorides as precursors and various
organic solvents as ligands. Then calcined under the protection of a reducing atmo-
sphere, the upconversion luminescence intensity of nanomaterials was significantly
improved and β-NaYF4:Yb,Er nanoparticles were obtained. Under the excitation
of near-infrared light, the obtained α- NaYF4:Yb,Er nanoparticles emit very weak
upconversion luminescence, but after annealing at 400–600 °C, the luminescence
intensity is increased by about 40 times.

Although the process and synthesis steps of the precipitationmethod are very sim-
ple, the cost required for the experiment is low, complicated and expensive synthetic
equipments are not required, and its reaction conditions are mild, and no higher reac-
tion temperature and no longer reaction time are required. The synthesized nanoparti-
cles have excellent performance and are suitable for industrial production. However,
there are still many drawbacks. The main disadvantage is that the directly obtained
precipitated product has a low degree of crystallinity and nonuniform composition.
Therefore, the obtained precipitated product requires further subsequent heat treat-
ment such as calcination to enhance the crystallinity of the product. However, the
subsequent heat treatment process can easily sinter the precipitated nanoparticles
and often leads to severe agglomeration, which may damage the original grafted or
coated organic ligands on the surface of the nanoparticles, which weakens the func-
tionality and hydrophilicity of nanoparticles. It requires researchers further modify
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the surface of nanoparticles to achieve the purpose of functionalization, but it will
further increase the particle size distribution and cannot control the size precisely
and cannot be directly applied in biomedical field.

2.4.2 The Water/Solvothermal Method

The hydrothermal synthesis usually refers to a method in which the original mix-
ture reacts in a closed system with an aqueous solution as the reaction medium
under a certain temperature and water autogenous pressure. The difference between
hydrothermal synthesis and solid-phase synthesis is that the “reactivity” is different.
This difference is mainly reflected in the reaction mechanism. The mechanism of the
solid phase reaction is mainly characterized by the interface, and the hydrothermal
reaction is mainly characterized by the liquid phase reaction. Since the water is in
a supercritical state under the condition of high temperature and high pressure, the
physical and chemical properties of the substance in the water are greatly changed,
so the hydrothermal chemical reaction is different from the normal state. Under
hydrothermal conditions, the reactants are dissolved in various complexes and the
water molecules themselves participate in this process. At present, people have a
certain understanding of the nature of water and water solutions under hydrother-
mal conditions. The properties of water will mainly change as follows: (1) the vapor
pressure becomes high; (2) the density becomes low; (3) the surface tension becomes
low; 4) The viscosity becomes low; (5) The ion volume becomes large.

The hydrothermal preparation of materials has certain advantages. First of all,
under hydrothermal conditions, water not only acts as a solvent, mineralizing agent,
and medium for the transfer of pressure, but most of the reactants at high pressure
can be completely or partially dissolved in water, thus facilitating the smooth reac-
tion. Secondly, the hydrothermal process is affected by various reaction conditions,
so it is possible to effectively control the reaction and crystal formation process by
adjusting the precursor,mineralizer, reaction temperature, pressure and time, solution
composition, PH value, and other factors. Third, the hydrothermal reaction condi-
tions are mild, low energy consumption, and wide applicability, in addition to the
preparation of nanomaterials, can also be used to prepare inorganic ceramic films
and single crystals of larger size. Fourth, compared with other chemical methods, the
raw materials required for hydrothermal reaction are cheap and easy to be obtained,
and the reaction occurs in the fast reflux of the liquid phase. Therefore, the yield
and purity of the obtained product is high, the phase of the product is relatively
uniform. The crystal form of the product is easily realized. It is easy to control the
particle size, dispersion, and morphology. Fifth, since the reaction is carried out in
a sealed vessel, it is possible to provide suitable oxidation-reduction by controlling
the reaction atmosphere to obtain a metastable phase that is difficult to obtain by
other means. One of its characteristics is that the nonequilibrium thermodynamic
synthesis chemistry is applied because the research system is generally in a nonideal
and nonequilibrium state. Under high temperature and pressure conditions, water or
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other solvents are in a critical or supercritical state, and the reactivity is improved.
The physical properties and chemical reaction properties of the substance in the sol-
vent are greatly changed, so the thermochemical reaction of the solvent is different
from the normal state. This method has become an important route for the synthesis
of ultrafine particles, inorganic membranes, and single crystals. It has been reported
that the use of hydrothermal method enables the synthesis of fluorides with almost
zero oxygen content at very low temperatures, and it is expected that upconversion
materials with relatively high conversion efficiency and relatively stable performance
can be prepared.

For the hydrothermal synthesis of UCNPs, the typical preparation process is as
follows: In the mixed system of water, ethanol, oleic acid, or sodium oleate, add rare
earth ions and stir. Thenfluoride aqueous solutionwas added and stirred evenly before
hydrothermal treatment. The growth of rare earth luminescence materials can be
controlled by adjusting the pH of the reaction system, the hydrothermal temperature
and the hydrothermal treatment time. Professor Li Yadong’s team (Liu et al. 2011;
Chen et al. 2012b; Ohtsuki et al. 1997; Zhu et al. 1992; Boyer and van Veggel 2010)
of Tsinghua University made outstanding contributions in this regard. They first
added rare earth nitrate aqueous solutions to the microemulsion system of oleic acid
or linoleic acid, water, ethanol, and sodium hydroxide. An aqueous solution of NaF
was gradually added under stirring, and then transferred to an autoclave to adjust the
reaction temperature and reaction time to control themorphology of the nanocrystals.
They published academic papers in the journal Nature and introduced the liquid-
solid-solution (LSS) phase transfer synthesis mechanism for hydrothermal systems.
That is, ethanol and alkyl acids constitute the Liquid phase. The alkyl acid complexes
of sodium alkyl and heavy metals form the Solid phase. The aqueous solutions of
ethanol and heavymetals form the Solution phase. First, through ion exchange, heavy
metal ions enter the Solid phase and substitute Na. The carboxylic acid complex of
the alkyl chain is formed, and then it is reduced at the interface of the Liquid-Solid
or Solution-Solid phase, and the alkyl chain is always wrapped around the periphery
of nanoparticles and forms a hydrophobic structure at the surface of nanoparticles.
When a nanoparticle grows to a certain size, it settles down due to gravity, so it is
easy to collect nanoparticles at the bottom. They used this method to synthesize a
series of morphology (spherical, cubic, rod-like, dendritic, etc.) and size (from a few
nanometers to hundreds of nanometers) controllable and monodispersed rare earth
luminescentmaterials with uniform particle size. Professor ZhaoDongyuan of Fudan
University used the hydrothermal method to synthesize a series of beautiful UCNPs
(mainly composed of NaYF4) nanorods, nanotubes, and flower-like nanodisks. It was
found that when the reaction temperature is less than 160 °C, the cubic phase NaYF4
is mainly formed. With the increase of the reaction temperature and the prolongation
of time, only NaYF4 is dissolved and recrystallized into the hexagonal NaYF4, i.e.,
transition only from the metastable NaYF4 to the steady state β-NaYF4, this process
is irreversible.

Many other research groups have also used this method to prepare rare earth
luminescence materials with various morphologies. Due to the large ionic radius
of Gd, the formation phase is relatively stable. However, Y3+ has a relatively small
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ion polarization radius, β-NaYF4 can only be produced under severe conditions,
such as prolonged high-temperature hydrothermal conditions. The introduction of
Gd3+ in NaYF4 crystals can make NaYF4 formation very fast and promote the rapid
formation of β-NaYF4. At the same time, because the upconversion luminescence
efficiency has a strong dependence on the phase structure, it is also possible to adjust
the upconversion luminescence efficiency of the UCNPs by changing the doping
concentration of Gd3+.

The solvothermal method is similar to the hydrothermal method. A high-boiling
organic solvent such as oleic acid/octadecene and oleic acid/oleylamine is used as
a solvent. Inorganic rare earth salts and fluorides are reaction raw materials. Then
nanocrystalswith a highdegree of crystallization are synthesized at high temperatures
by this method. This method can obtain uniform, controllable, monodispersed oil-
soluble nanoproducts with a high crystallinity but without thermal post-treatment.

The reaction of water/solvothermal synthesis method is simple and inexpensive.
The synthesized nanoparticles have a high degree of crystallinity, good dispersion,
small, and controllable particle size with a narrow distribution, and do not need
high-temperature treatment. The disadvantage is that the method has more influence
factors on the particle size of the morphology, the reaction cannot be traced in real
time in the sealed reaction vessel, the reaction temperature is high and there are
potential safety hazards.

2.4.3 Thermal Decomposition Method

Thermal decomposition method is one of the methods that can effectively synthesize
UCNPs with controlled morphology, monodisperse, and high fluorescence intensity.
It is usually carried out in the environment of isolating oxygen and water by adding
a metal-organic compound as a precursor in a high-boiling organic solvent. A rapid
thermal decomposition reaction of rare earth element organic acid salts occurs at a
relatively high synthesis temperature, and then upconversion luminescence nanopar-
ticles are obtained. The thermal decomposition chemical reaction usually occurs
in a mixed solvent consisting of two or more different solvents. Different solvents
have different effects: the non-coordinating solvent in the mixed solvents provides a
high-temperature condition and a sufficient energy for the rapid nucleation and crys-
tal transformation of nanoparticles, and the coordination solvent can be adsorbed,
grafted, or coated on the surface of the nanoparticles, so that the particles can be
uniformly nucleated and prevented from agglomerating, then the dispersibility of
the particles is enhanced. For example, a typical process for the thermal decompo-
sition of rare earth salts of trifluoroacetic acid is to prepare various rare earth salts
of trifluoroacetic acid first, then add them to high boiling organic solvents (oleic
acid/octadecene, oleic acid/oleylamine, neat oleylamine, etc.). The temperature is
raised to 340 °C under nitrogen protection to thermally decompose the rare earth
trifluoride rare earth salts to produce rare earth fluoride nanomaterials. The high
boiling organic solvents can also be heated to 250–340 °C and then the rare earth
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fluorides are injected into the trifluoroacetate. The solution is pyrolyzed to prepare
a rare earth fluoride nanomaterial.

Professor Yan Chunhua’s group of Peking University first used this method to
prepare monodispersed LaF3 triangular nanodisks (Zhang et al. 2005). Then, by
changing the ratio of organic solvents, temperature, heating time, and other condi-
tions, various rare earth luminescence materials with controllable morphology and
different phase structures were prepared (Mai et al. 2006) and the synthesis mech-
anism of this method was studied. They believe that in different organic solvent
systems, the nucleation free energy of rare earth ions is different, which directly deter-
mines the phase structure of UCNPs. For example, in the pyrolysis system of oleic
acid/octadecene for Pr and Nd, NaREF4 rods are easily formed; however, in oleic
acid/oleylamine/octadecene pyrolysis system, the nucleation free energy is lower
than the energy barrier of α-NaREF4 and α-NaREF4 can be formed. As long as oley-
lamine is present, the nucleation free energies of all rare earth ions are relatively low,
and α-NaYF4 and β-NaYF4 can be formed at the same time. Both of these phases are
relatively stable. However, β-NaREF4 is more easily formed under high-temperature
reaction conditions. For example, Professor Chow’s group at the National Univer-
sity of Singapore (Yi and Chow 2006) preparedmonodispersed UCNPswith uniform
phase structure and a high upconversion luminescence efficiency 320 °C by using
pure oleylamine system.Mai et al. (2006),Yi andChow (2006) andBoyer et al. (2006)
synthesize Re-UCNPs nanoparticles with a cubic host NaYF4 by a thermal decom-
position method. These high-quality nanoparticles are controllable in morphology
and have good dispersion. The nanoparticles of β-NaYF4 with a hexagonal phase are
further synthesized through subsequent treatment or improved reaction conditions,
and the synthesized nanoparticles show good upconversion luminescence properties.

Although the nanoparticles synthesized by the thermal decomposition method
have a controllable particle size with a narrow size distribution, a good crystallinity
and regular morphology, and monodispersed, there are toxic organic molecules
adsorbed on the surface of the obtained nanoparticles, which makes the particles
show obvious hydrophobicity and cannot bind the water molecules well. At the
same time, the thermal decomposition method has disadvantages such as high cost,
harsh reaction conditions, high requirement for raw materials, complicated reaction
steps and processes, and a large number of toxic reaction byproducts.

2.4.4 The Sol-Gel Method

The sol-gel method is a kind of wet chemistrymethods. It reacts in a solution contain-
ingmetallic inorganic compounds or organic compounds.By adding special additives
into the solution, the sol is formed through hydrolysis and polycondensation and then
agglomerated (or obtaining by decondensation) Gel) to form gel. The gel is dried
and heat treated to form the target crystal. This method is mainly used to prepare thin
films and vitreous materials doped with upconversion luminescence nanoparticles,
and usually requires subsequent heat treatment at high-temperature to increase the
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upconversion luminescence efficiency. Salas et al. (2005) synthesized ZrO2:Yb,Er
nanoparticles by modified sol-microemulsion-gel method.

The use of metal alkoxides or halides as precursors after hydrolysis, the con-
densation process results in nanoparticles, which are mainly used to prepare thin
films and vitreous materials doped with UCNPs. In order to improve the upcon-
version luminescence efficiency, high-temperature calcinations are usually required.
However, the particle size of the synthesized particles by this method is not con-
trollable, and there is a serious agglomeration phenomenon after high-temperature
calcination treatment, which is not suitable for further application in the biomed-
ical field. Because of the central chemical point of this synthetic route is that the
reactant molecules (or ions) are hydrolyzed (alcoholized) and polymerized in water
(alcohol) solutions. For example, molecular-polymer-sol-gel-crystalline (or Amor-
phous), some specific structural and aggregated solid compounds or materials can
be synthesized by effective control of their chemical processes.

2.4.5 Other Methods

Microwave-assisted heating is a green synthesis method that has been rapidly devel-
oped in recent years. The principle of microwave heating is an internal heating
process, which uses the material molecules to absorb the electromagnetic energy in
the microwave magnetic field, which generates heat energy by vibration at a high
speed of several billion times so as to achieve the purpose of heating. Themicrowave-
assisted heating method has the advantages of high heating speed, uniform heating,
etc. In addition, the method can also reduce the activation energy of the reaction,
thereby increasing the reaction rate. The microwave heating method for the synthesis
of nanomaterials can greatly reduce the reaction time and reduce energy consump-
tion. Schafer et al. (2010) synthesized orthorhombic RbY2F7:Yb,Er upconversion
nanoparticles in the high-boiling solvent N-(2-hydroxyethyl) ethylenediamine by
using the microwave-assisted heating method with NH4F as the fluorine source.
Based on XRD characterization, they calculated the average particle size to be about
60 nm (Wang et al. 2010c). NAYF4:Er,Yb (A is Na or Li) upconversion nanoparti-
cles were synthesized by Wang et al. by using microwave-assisted heating method
and the morphology of the nanoparticles were adjusted by the concentration and
composition of the reactants.

In addition, some new methods or traditional method improvements are con-
stantly being explored and researched to obtain more stable and efficient rare earth
upconversion nanoparticles.
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2.5 Surface Properties and Cytotoxicity of Rare Earth
Upconversion Luminescence Nanoparticles

The surface modification of UCNPs can not only improve the luminescence prop-
erties of nanocrystals, but also provide a potential application platform for various
biological applications of UCNPs. In order to enable UCNPs to be used as biological
fluorescence probematerials, methods for surface passivation or core-shell structures
as shown in Fig. 2.2 should be developed to increase their upconversion luminescence
efficiency and stability.

The concentration of doped ions on the surface of UCNPs nanoparticles is rela-
tively high. These ions on the surface have a high surface energy, and easily interact
with solvent ligands and surface impurities, which easily dissipates energy from
absorbed photons or quench luminescence by non-radiative transition. Therefore,
the upconversion luminescence efficiency of nanoparticles is lower than that of the
corresponding bulk materials. Surface passivation is to coat the surface of UCNPs
with a layer of passivation such as silicon dioxide layer, polymer layer or homoge-
neous rare earth ion doped host to form a core-shell structure as shown in Fig. 2.3. The
surface particles are protected from being disturbed or oxidized, thereby effectively
reducing the energy loss of the UCNPs and improving the upconversion lumines-
cence efficiency. After the NaYF4:Yb,Tm nanoparticle surface was modified with
a layer of NaYF4 and polyacrylic acid, which was about 2 nm thick and contained
no other doped particles, its upconversion luminescence was nearly 30 times higher
than the original material (Yi and Chow 2007). The NaYF4:Yb, Er nanoparticle was
modified by the same method as described above, and the upconversion lumines-
cence efficiency was nearly 7 times higher than that of the original material. After
the passivated the surface of KYF4:Yb, Er and NaGdF4:Yb, Er nanoparticles, the
upconversion luminescence efficiency has also been significantly improved (Schäfer

Fig. 2.2 Schematic diagram of a core-shell structure of a rare earth upconversion luminescence
nanomaterials. The red layer contains luminescent lanthanide ions. a Standard core-shell structures
with lanthanide ions are confined to the core layer. b Sandwich structure with lanthanide ions—
Insertion into the middle layer (Chen et al. 2015)
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Fig. 2.3 TEM images of typical non-epitaxially upconverted core-shell nanoparticles.
aNaYF4:Yb,Tm@Au heterostructure constructed by Huang and Dua et al. bNaYF4:Yb,Er@CdSe
nanoparticles prepared by Rosei and Perepichka et al. c Nanoparticles encapsulated by Li and
Zhang et al. in a silica shell on NaYF4:Yb,Er. d Li and Xiong et al. coupled gold nanoparticles
with NaYF4:Yb,Er nanoparticles using a silica layer. e Porous silica coatings of Li and Lin et al.
on NaYF4:Yb,Er@ NaGdF4:Yb nanoparticles. f NaYF4:Yb,Tm nanoparticles prepared by Bu and
Shi et al. (Li et al. 2008, 2011, 2013; Yan et al. 2010; Liu et al. 2012; Zhang et al. 2010)

et al. 2007). Hydrophobic Re-UCNPs nanoparticles were synthesized by thermal
decomposition method, and then their surface were silanizated or coated with homo-
geneous rare earth doped host layers to form core-shell structure to obtain hydrophilic
nanoparticles (Yang et al. 2011). However, the coating thickness of this shell layer has
an effect on the upconversion luminescence efficiency. In addition, the hydrophilic-
ity of the nanoparticles synthesized in the organic solvent or in the aqueous solution
is poor. Therefore, in order to apply UCNPs biologically, the hydrophilic modifica-
tion of the surface, such as addition of carboxyl, amino or aldehyde groups, is very
important and necessary. This content will be discussed in detail in the next section.

2.5.1 Surface Groups and Surface Coatings

As biomarkers, UCNPs are required to bind to a specific biological target and can be
dispersed in an aqueous solvent. In the absence of surface treatment, oil phaseUCNPs
cannot be dispersed in polar solvents. To achieve these functions, three approaches
are generally used (Haase and Schafer 2011): (1) exchange or manipulation of sur-
face organic ligands; (2) addition of amphiphilic polymers that react with surface
nonpolar groups; (3) surface silanization. The most common method for improving
dispersibility is to coat the surface of NPs with SiO2 shells. In order to link these
nanoparticles with biomolecules, reactive functional groups such as amine groups or
carboxylic acid groups are needed. On the one hand, the dispersibility of nanopar-
ticles in water can be improved, and on the other hand, it is ensured that covalent
bonds can easily be passed with streptavidin.



2 Synthesis and Preparation of Upconverting Phosphor Particles 55

Due to the large specific surface area of nanoparticles, the luminous efficiency of
nanoparticles is generally lower than that of their bulkmaterials. In lanthanide upcon-
version nanomaterials, surface ligands with high-energy vibrational modes, such as
OH or NH2 groups, induce quenching of the excited state through multiphonon
relaxation (Huang et al. 2014). If the dopant doping concentration is relatively high,
the luminescence center inside the particle may further reduce the luminescence effi-
ciency by the energy transfer from the neighboring ion to the surface. One of themain
ways to reduce these energy losses is to coat the nanoparticles with a suitable shell
material. In order to avoid energy loss, the energy transfer from the nanoparticle core
to the shell material should be avoided. Therefore, the shell material generally uses
the same undoped host material or a wide bandgap semiconductor material. With
the same host, the lattice mismatch between the nanoparticle and the shell mate-
rial is smaller. In some cases, the shell material is also doped with rare earth ions to
improve upconversion luminescence properties or color controllability. For example,
when the core is doped with Tm3+ and the shell is doped with Er3+, various colors
of tunable emission can be achieved, and the luminescence intensity is also appar-
ent enhanced as compared with the core-shell structured nanoparticles without the
ion-doped shell layer. The use of NaGdF4: 20%Yb3+, 2%Er3+@NaGdF4: 20%Yb3+

core-shell structure, the emission loss caused by the non-radiative transition of the
core Er3+ was avoided, and on the other hand, the absorption of near-infrared light
by the shell can transfer energy to the core as shown in Fig. 2.4. Then upconversion
luminescence intensity was enhanced (Vetrone et al. 2009).

Fig. 2.4 a, b the NaGdF4:Yb3+, Er3+ active core @NaGdF4 inert shell and NaGdF4:Yb3+, Er3+

active core@NaGdF4:Yb3+ active shell nanoparticles colloidal solution formed in toluene was
excited by 980 nm laser. c Illustration of the energy levels of Er3+ and Yb3+ doped ions and the
mechanism of upconversion luminescence. Where the arrow represents energy transfer: the upward
arrow represents energy absorption, the downward full arrow represents visible light emission, and
the dotted arrow represents multiphonon relaxation (non-radiative decay)
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2.5.2 Cytotoxicity

Upconversion nanoparticles (UCNPs) can emit visible light under low-density near-
infrared excitation light, which avoids the interference of fluorescence signals gen-
erated by the biological material itself. And the infrared excitation is harmless to the
organism and has a deep penetration depth. Therefore, it has unique advantages in
the field of biomarkers. At the same time, the smaller size of UCNPs is also suitable
for dispersing in biomolecules and macromolecules, and UCNPs has the advantages
of narrow emission spectrum, adjustable luminescent color, good light stability, and
low toxicity. However, the large specific surface area of nanoparticles also brings
some problems. For example, the presence of surface defects makes the upconver-
sion luminescence efficiency generally relatively low compared to bulk materials.
On the other hand, the application of nanoparticles in biology also needs to con-
sider the binding of nanoparticle surfaces with biomolecules and the influence of
nanoparticles on biomolecules or organisms.

The application of UCNPs in the biological field will also be included in the use
of organisms. Therefore, whether UCNPs contain harmful components to organ-
isms, their cytotoxicity, has also become an important measure of UCNPs. Based on
assessment of cell morphology and mitochondrial function (MTT and MTS assays)
to detect cytotoxicity, it was found that lanthanide metal ion-doped nanoparticles are
non-toxic to many cell lines. For example, Liu et al. (2010) tested the biocompati-
bility of SiO2-coated Yb/Er-doped rare earth fluoride nanoparticles on the sebacic
acid molecular layer and found that the nanoparticles were at a concentration of
800 mg/L. After incubation for 20 h, there was essentially no effect on the viability
of human nasopharyngeal epidermal cancer KB cells. Prasad et al. (Liang et al. 2011)
studied Tm3+ and Yb3+-doped NaYF4 nanocrystals on human pancreatic cancer cells
and found that no significant cytotoxicity was found based on studies of MTS cell
activity assays after phagocytosis of nanoparticles. Shan et al. (2008) also found that
carboxy and amino-functionalized nanoparticles have limited or no effect on human
osteosarcoma cells after 9 days of incubation.

The investigators also evaluated the in vivo cytotoxicity of upconversion nanocrys-
tals. Abdul Jalil and Zhang (2008) intravenously injected SiO2-coated hexagonal
NaYF4 upconversion nanoparticles into healthy mice. At a dose of 10 mg/kg body
weight, no abnormal behavior was observed in mice. They found upconversion
nanoparticles can be clearedmost of the time after being injected intomice for 7 days.
At the same time, through the MTT and LDH (lactate dehydrogenase) assays, they
also studied the effect of different concentrations (from 1 to 100 mg/ml.) on cyto-
toxicity. Bone marrow stromal cells and skeletal muscle cells had strong tolerance to
upconversion nanoparticles, nanoparticles into the cell did not cause serious damage
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to the cell membrane. In order to ensure the safety of the upconversion nanoparticles
on organisms, it is necessary to study the influence of the size, shape, and surface
properties of the upconversion nanoparticles on the cells over a longer period of time.

2.6 The Main Challenges of Rare Earth Upconversion
Luminescence Materials

2.6.1 Host Stability

In general, the upconversion emission of a certain rare earth ion dependsmainly on the
properties of the host. The choice ofmaterials requires not only low lattice vibrational
energy of the host but also high chemical stability andmechanical strength of the host.
In current materials, rare earth fluoride glass, especially ZrF4 based glass, is an ideal
material not only because of its low phonon energy (compared to oxide glass), but
also because of its wide light transmission range and easier being to formwaveguides
and optical fibers. Considering the phonon energy, chlorides, bromides, and iodide
glasses all have good application values. CdCl2-based glasses, for example, have a
phonon energy of about 250 cm−1, which is very low compared to fluoride glasses,
so that efficient upconversion luminescence can be obtained, and these materials are
easily vitrified. However, these materials have poor chemical stability, mechanical
strength, and thermal stability, which bring great difficulties to practical applications.

2.6.2 Efficiency

How to improve the luminous efficiency has always been the focus in the domain.
After years of research, people have achieved certain results: The efficiency of upcon-
verting red light has reached to 1%, green light 4%, and blue light 2%. From the
foregoing, the upconversion luminescence efficiency is related to the choice of host
materials, rare earth ions, and their concentrations. In a certain concentration range,
the upconversion efficiency increases with the increase of rare earth ion concen-
tration, and if it exceeds a certain concentration range, the concentration quenching
occurs. However, in general, due to glass instability, it is difficult to synthesize upcon-
version glasses having a high concentration of rare earth ions (concentration of rare
earth ions greater than 10 mol%). Although there are reports in the literature that
fluorophosphate glass has good stability, it can be doped with a higher concentration
of rare earth ions Pr3+, and its spectrum can span the ultraviolet-near-infrared band.
But an important issue is still the problem of its concentration annihilation.
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2.6.3 Pump

Choosing the right path and the right pump source is critical to improving the effi-
ciency of the upconversion laser. The rare earth ions are rich in energy levels, and each
doping system corresponds to several pumping paths. In these pumping pathways,
they should be used preferentially. At present, the commonly used upconversion laser
pump source is infrared laser diodes. In the upconversion optical fiber waveguide
laser, the pumping source and the rare earth ions have a larger working distance,
and the pump energy loss is also large. In addition, the coupling between the pump
source and the fiber is also a problem that cannot be ignored.

2.6.4 Narrow Range of Luminescence

At present, most of the upconversion systems are single-doped and double-doped
systems. Although the emission of these systems can also be obtained with several
wavelengths of emission, like Er3+ doping, 490, 552, and 662 nm emission can be
obtained, their intensity is different, especially the blue part of the light is weak,
almost submerged. And the obtained upconversion fiber laser has a tuning range of
generally 10–30 nm. Therefore, it is imperative to obtain a material with a wide
tuning range and wavelength range.
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Chapter 3
Modification and Functionalization
of Up-Converting Phosphor Particles

Changqing Lin and Honggang Zhang

Abstract This chapter introduced several methods for modification and functional-
ization of the inert surface of up-converting phosphor particle (UCP), including sil-
iconization of UCP surface and functionalization of the SiO2 layer by carbodiimide
(EDC), mixed anhydride (MA), N-hydroxysuccinimide (NHS), Glutaraldehyde and
N-succinimidyl-3-(2-pyridyldithio) propionate (SPDP) methods. They work effi-
ciently for preparing UCP-bioactive molecule conjugates.

Keywords Up-converting phosphor particle · UCP · Siliconization ·
Functionalization

3.1 Introduction

Up-converting phosphor Technology (UPT) is a new labeling technology developed
based on up-conversion phosphor particle (UCP). UCP is a kind of up-converting
nanoparticles (1–100 nm) composed of several rare earth metal elements (lanthanide
or actinide)-doped transitionmetals,which usually emit photonwith higher energy by
photon up-conversion through absorbing twoormore incident photonswith relatively
lower energy (https://en.wikipedia.org/wiki/Upconverting_nanoparticles). Due to its
unique structure, UCP can be excited by infrared light to emit visible light. This pro-
cess follows the anti-Stokes principle to achieve up-conversion of energy (Corstjens
et al. 2003; Kuningas et al. 2006). This special property makes UCP as a marker
in bioanalysis, with no background interference, no self-quenching, and is suitable
for multiple and quantitative analysis, which are superior to traditional fluoresce
markers. UPT will be widely used in rapid immunoassay, genomics research, high-
throughput drug screening, microarray, surgical tissue imaging, food safety detec-
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tion, and biochemical warfare defense (Banerjee and Jaiswal 2018; Lim et al. 2006;
Quesada-Gonzalez and Merkoci 2015; van De Rijke et al. 2001; Sutherland et al.
2016; Vikesland and Wigginton 2010; Zuiderwijk et al. 2003).

Conventional grinding and synthesis are two common methods for UCP particle
preparation. The grinding process is simple in production process, and no additional
requirements are imposed on the production equipment, and UCP particles having
a diameter of about 40 nm can be obtained. The UCP particles are chemically inert,
therefore, they should be chemically modified for further functionalization on the
surface before any biological molecule’s conjugation.

3.2 Siliconization of UCP Surface

UCPs containing different host lattice, absorbers (activator ions), and emitters (sensi-
tizer ions) can be prepared by syntheticmethods. Themainmatrix ofUCP is generally
oxysulfide, fluoride, gallate, silicate, etc., but the surface of these substances has no
active groups that can be used to bind to the bioactive molecules, if the surface of
UCP is covered with a thin, uniform layer of Si, this problem can be solved. The SiO3

crystal has good light transmittance, does not affect the optical properties of UCP,
can be connected to various biologically active molecules through functionalization,
and is a good interface material. The surface siliconization can be easily achieved by
hydrolysis of Si(OC2H5)4 in an aqueous solution containing NH3 (Kumar and Zhang
2009; Posthuma-Trumpie et al. 2012; Corstjens et al. 2005). The reaction equation
is as follows:

Y2O2S:YtEr + Si(OC2H5)4 + 2H2O → Y2O2S:YtEr − SiO2 + 4C2H5OH

3.3 Functionalization of the SiO2 Layer on UCP Surface

The active free radicals can be modified onto the SiO2 layer of UCP by using the
following derivatives of silylation reagents including –NH2, –COOH, –OH, etc. The
most commonly used reagent (Fig. 3.1) is the first one, which can modify –NH2

group onto the SiO2 layer.

3.4 Conjugation of Bioactive Molecules to the UCP Surface

The modified UCP can be widely linked to biologically active molecules, such as
antibodies and oligonucleotides, through a bifunctional cross-linking agent via a
reactive free radical (such as –NH2) on its surface. UCP can be flexibly applied as a
reporter to a variety of analytical fields after being functionalized.
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Fig. 3.1 The commonly used reagents for functionalization of the SiO2 layer on UCP surface, a 3-
Aminopropyltriethoxysilane;b3-mercaptopropyltriethoxysilane; cmonochlorodecanoyl-methoxy-
dimethylsilane; d monochloro-lauroyl chloride- dimethylsilane

3.4.1 Cross-links Between Amino and Carboxyl

3.4.1.1 Carbodiimide (EDC) Method

The EDC method, originally proposed by Dr. Goodfriend, is the most commonly
used strategy for conjugating small molecule haptens to protein carriers. EDC
(R1N=C=NR2) is a chemically active reagent capable of forming an amide bond
by dehydration condensation between an amino group and a carboxyl one. The free
group (–COOH)modified on the surface of the UCP is first reacted with EDC to form
an intermediate product, which is then reacted with an amino group of a biologically
active material (such as an antigen, an antibody, etc.) to form a conjugate.

The chemical name of the frequently used aqueous EDC is 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), which can be combined with carboxyl
groups on the UCP particles or bioactive materials. It can also be bound with its
amino group. The optimal pH of the reaction is 5–9. The optimal pH should be
selected according to the two substances cross-linked. For example, the environment
of pH 7.0 is suitable for the coupling of most biological proteins.

The EDCmethod is very convenient. It only needs to dissolve the bioactive mate-
rial andUCP particles in a proper ratio andmixwell. Then, add EDC, stir the reaction
at 4 °C or room temperature for 24 h, and finally separated by dialysis to remove the
unbound portion for obtaining the coupled conjugate, UCP-bioactive material.

3.4.1.2 Mixed Anhydride (MA) Method

The free group –COOH modified on the surface of UCP reacts with isobutyl chlo-
roformate in the presence of tri-n-butylamine or triethylamine to form a mixed acid
anhydride; the intermediate product is mixed with an acid anhydride easily with the
surface of the bioactive material. The group (–NH2) reacts to form an amide bond.
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3.4.1.3 N-Hydroxysuccinimide (NHS) Method

The free group –COOH modified on the surface of the UCP can be reacted with
N-hydroxysuccinimide to form an activated ester, which is then coupled to a group
(–NH2) on the surface of the bioactive material.

3.4.2 Crosslinks between amino groups

3.4.2.1 Glutaraldehyde Method

Glutaraldehyde is a homobifunctional cross-linking agent. Its two aldehyde groups
can form a Schiff base (–N=C–) with the amino group of two amino compounds,
and a five-carbon linked bridge between the two compounds will be formed. This
method can be used to link the bioactive materials to the UCP, and the addition
of glutaraldehyde to the solution containing the UCP particles and the bioactive
materials will promote the formation of a conjugate between UCP particles and
bioactive materials.

3.4.2.2 SPDP Method

N-succinimidyl-3-(2-pyridyldithio) propionate (SPDP) for cross-linking or labeling
between proteins has been widely used (Girshovich et al. 1995; Carlsson et al. 1978).
SPDP is a heterobifunctional cross-linking agent that is different from the cross-
linking agent of the glutaraldehyde.

This reaction mechanism is divided into 4 steps:

First, SPDP reacts with the free amino group (–NH2) modified on the surface of the
UCP, and introduces a protecting thiol group to obtain an intermediate product A;
Second, SPDP reacts with amino group of the biologically active material (such as
IgG), then, the same reaction as the first step is performed for introducing a protective
thiol group to obtain the intermediate product B;
Third, removing the dithiol pyridine protecting group in A and B with a reducing
agent dithiothreitol (DTT) to obtain sulfur-containing A and B;
Last, between the sulfur-containing A and the thiol-containing pyridine protecting
group, a combination of a thiol group and a disulfide bond forms a conjugate between
UCP and a bioactive material.
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3.4.2.3 Other Bifunctional Cross-Linkers

Bifunctional cross-linking agents such as toluene diisocyanate, benzoquinone, and
fluorodinitrophenyl sulfone can also be used for cross-linking two amino-containing
compounds of bioactive materials and UCP particles.

3.5 Development of UPT-based Immunochromatographic
Platform

Beijing Hotgen Biotechnology Co., Ltd. has successfully developed UPT-based
immunochromatographic platform based on the physical structure of classical gold
immunochromatographic strip. TheUCP particles are different from the particle size,
density, and surface properties of colloidal gold particles. All solid phase materials
related to immunochromatography (sample Pad, bond pad, analytical membrane, and
absorbent pad) and chemical reaction system (surfactant, coating agents, pH, and
ionic strength, etc.) have been optimized for developing such a technical platform;
at the same time, through large specific surface area and highly active surface mod-
ification, the conjugating efficiency of UCP nanoparticles and bioactive molecules
is highly promoted. Finally, UPT immunochromatographic test strip is developed
for quantitative and qualitative detection of the targets. On this platform, we select
many optimal monoclonal antibodies and different optimal reaction conditions for
producing the UPT-based immunochromatographic strips for clinical and other on-
site applications (Hao et al. 2017; Hong et al. 2010; Hu et al. 2018; Hua et al. 2015;
Yan et al. 2006; Zhang et al. 2014; Zhao et al. 2016a; Zhao et al. 2016b), with
short reaction time, high sensitivity, specificity and accuracy, good stability, and no
environmental pollution and radiation hazards.
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Chapter 4
Upconversion Nanoparticles-Based
Point-of-Care Testing Technology

Yong Zhao

Abstract Upconversion nanoparticles-based point-of-care testing technology
(UPT-POCT) is novel rapid analysis system that uses upconversion nanoparticles
(UCNPs) as detecting reporters. Combined with the well-established lateral flow
(LF) platform, UPT-POCT assays are suitable for sensitive, quantitative, and multi-
plexing diagnosis and detections. In this chapter the principles and theory of various
UPT-POCTmethods for the detection of different analytes (pathogens, toxins, drugs,
biomarkers, and DNA) are presented, as well as the approaches for multiplexing
detections.

Keywords UCNPs · UPT-POCT assay ·Multiplexing detection

4.1 Introduction

The development of upconversion nanoparticles (UCNPs) has provided a powerful
tool to modern detection technologies. Upconversion nanoparticles-based point-of-
care testing (UPT-POCT) methods are novel rapid analysis systems using UCNPs
as detecting reporters. UCNPs are rare earth doped ceramic particles that possess
the unique property of infrared upconversion. They are chemically stable core-shell
structuresmodifiedwith surface functional groups that are suitable reporters in bioas-
says. Comparedwith conventional reporters (e.g., colloidal gold, latex beads, and flu-
orescent chemicals), UCNPs reporters can be quantitatively detected and allow per-
manent excitation as they are not easily bleached. Moreover, because of the absence
of autofluorescence upon infrared excitation in natural specimens, UCNPs reporters
have significant potential for use in high sensitivity assays. It has been reported that
UCNPs reporters are 10–100-fold more sensitive than assays using conventional
reporter systems such as colloidal gold or colored latex beads (Hampl et al. 2001).
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Owing to the UCNPs reporter characteristics, UPT-POCT methods have attracted
considerable attention and have great potential in rapid on-site detections.

Throughout the previous decades, there has been a continual push to develop
POCT diagnostics that allow for rapid testing at or near the site of patient or in first
response situations (Luppa et al. 2011; Sturenburg and Junker 2009). As alterna-
tives to conventional diagnostic assays performed in specialized laboratories, POCT
diagnostics can be successfully applied at the primary care level and are particularly
suitable for use in remote settings with poor or no laboratory infrastructure (Mabey
et al. 2004). Among the most established POCT platforms, immunochromatographic
assays, also called lateral-flow (LF) assays, are one of the most popular methods. LF
assays have been successfully applied in various areas owing to their low cost and
ease of use in a variety of settings, and can be carried out by nontechnical personnel
(Syedmoradi et al. 2017). However, the search for increased detection sensitivity and
the possibility of quantitative detection remains an ongoing challenge for conven-
tional LF assays. In this respect, several of the unique features of UCNPs reporters
have the potential to improve LF assays. Combining the advantages of the UCNPs
and LF platforms, the UPT-POCT detection method can realize rapid, sensitive, and
quantitative on-site detections.

Over the past few years, various UPT-POCT detections have been developed and
successfully applied in clinical diagnosis (Corstjens et al. 2008), food safety (Zhao
et al. 2016a; Liu et al. 2016), drug abuse (Niedbala et al. 2001), and even public
bio-safety investigations (Zhang et al. 2014). Depending on the nature of the analyte
of interest, UPT-POCT detection has different formats, including competitive assays
(for low molecular weight compounds, such as toxins and drugs), sandwich assays
(for antigens with several epitopes, such as bacteria and viruses), and hybridization
assays (for DNA targets). Besides assays for single targets, UPT-POCT can also
facilitate multiple detections with many approaches, such as coating multiple test
lines in one strip, using UCNPs of multiple colors, or employing a multiple channel
strip or disk. This chapter presents the principles and theory of these UPT-POCT
methods as well as the approaches for multiplexing detections.

4.2 UPT-POCT Principles

4.2.1 UPT-POCT Elements

A typical UPT-POCT strip consists of four components (sample pad, conjugate pad,
membrane, and absorbent pad) integrated into a sheet of laminating card (Fig. 4.1).
Essential to the assay is the transportation of a liquid sample (containing the analyte
of interest) along the strip thereby passing several zones where specific biological
recognition elements (antibodies, antigens, nucleic acids, or aptamers) have been
coated. (Posthuma-Trumpie et al. 2009) The liquid moves along the paper because
of the capillary force of the porosity membrane, but to maintain a continuous flow
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Fig. 4.1 Schematic description of the UPT-POCT strip. The strip is typically composed of a sample
pad, a conjugate pad, a nitrocellulose membrane, an absorbent pad, and a laminating card. UCNPs
reporters are immobilized in the conjugate pad. A pair of biological recognition elements (e.g.
antibodies) are coated on the membrane as the test line and control line, respectively

an absorbent pad is required at the distal side of the strip. This absorbent pad can
wick the liquid to the end of the strip, thus maintaining the flow. The other elements
will be discussed in more detail below.

The sample pad where the liquid sample is applied is at one end of the strip and is
usually made of cellulose or cross-linked silica. In close contact with the sample pad
is the conjugate release pad,made of cross-linked silica. Reporters ofUCNPs-labeled
recognition elements (depending on the application) are sprayed and dried onto this
pad. After addition of the sample, the UCNPs reporters will be dissolved and specific
interactions will be initiated and will continue during the chromatographic process.

Currently, themostwidely used stripmembranes are produced fromnitrocellulose
(NC); others are nylon, polyethersulfone, polyethylene, or fused silica. At least two
lines are sprayed onto the membrane: a test line and a control line. Recognition
elements are coated at the test line and will specifically capture the target if the
sample of analyte is positive, and a quantification response can be generated and
collected. A response at the control line confirms a proper flow and can be used to
reduce the variation of different strips. More test lines can be applied allowing for
multiple analyte testing (Niedbala et al. 2001).

These papermaterials are often thin and fragile. Therefore, the strip is attached to a
plastic laminating card to allow cutting and handling. In addition, the strip is placed
in a plastic holder, which exposes only a sample addition window and a reading
window.

4.2.2 UPT-POCT Quantitative Analysis

Through the use of UCNPs reporters, UPT-POCT methods can acquire accurate
quantitative analysis. The optical signals of UCNPs reporters on the strip can be
collected by aUPT-POCTbiosensor, which possesses a 980 nm laser and a transducer
that can convert the optical signals to voltage signals (Yan et al. 2006; Mokkapati
et al. 2007). As shown in Fig. 4.2a, the first peak (C) and the second peak (T) display
the voltage units for the control line and the test line, respectively. The ratio V t/Vc
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Fig. 4.2 Signal responses obtained by the UPT-POCT biosensor and the dose-response curve for
quantification analysis. aThe first peak (C) and the second peak (T) represent signals captured by the
control line and the test line, respectively. The peak areas are auto-calculated by the biosensor, which
represents the signal intensity, and the ratio V t/Vc is regarded as the assay result. b Quantification
analysis can be obtained according to the pre-defined dose-response curve, which is plotted with
the ratio V t/Vc of the samples on the x-axis and the corresponding concentrations on the y-axis

was obtained by the biosensor and was treated as the final result for each assay,
where V t represents the voltage for the test line signal, and Vc that for the control
line signal.

The cut-off value of the assay is calculated as the mean ratio (V t/Vc) of the
blank controls plus (or minus) three standard deviations, which corresponds to 99%
confidence. For the sandwich-format assay, samples with ratio V t/Vc higher than
the cut-off value (mean + 3 SD) are defined as positive and vice versa. For the
competition-format assay, samples with ratio V t/Vc lower than the cut-off value
(mean − 3 SD) are defined as positive and vice versa.

To obtain a quantitative result, the dose-response curve is requisite. The curve can
be obtained by testing serial dilutions of analyte samples, for example, bacterial sam-
ples with concentrations ranging from 102 to 106 CFU/ml. Then the dose-response
curve can be plotted with the ratio V t/Vc of the samples on the x-axis and the cor-
responding concentrations on the y-axis (Fig. 4.2b), to generate the corresponding
equation of the curve. Unknown sample concentrations can then be quantified with
the equation. To simplify the quantification analysis, information of the equation can
be recorded in an RFID (Radio Frequency Identification) chip integrated into the
strip (Zhang et al. 2014). Quantitative results for unknown samples can therefore be
directly obtained by a UPT-POCT biosensor that can read the RFID information.
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4.3 UPT-POCT Assay Formats

The UPT-POCT assay is designed to confirm the presence or absence of an ana-
lyte of interest, including bacteria, viruses, toxins, drugs, chemicals, and diagnostic
biomarkers. There are several assay formats depending on the nature of the target
analyte (Ngom et al. 2010). The two formats frequently used are the competitive
assay and sandwich assay. In addition, DNA targets can be detected by the UPT-
POCT assay in hybridization formatwhen nucleic acid probes are used as recognition
elements.

4.3.1 UPT-POCT Assay in Sandwich Format

For analytes with more than one epitope (such as pathogens, proteins, and some
toxins), the sandwich format is applicable. This assay format employs two different
antibodies that bind distinct epitopes of the analyte: a UCNPs-labeled antibody in
the conjugate pad as a detector reagent and another antibody specific to the analyte
in the test line as a capture reagent. An additional antibody specific to the detection
antibody can be used in the control line.

When a liquid sample is applied to the sample pad, the liquidmigrates by capillary
force and the UCNPs-labeled antibody is released. Some of the detection antibody
will bind to the analyte and some will remain free in the solution during the initial
chromatographic process. Subsequently, the mixture passes through the test line, the
analytes bind to the capture antibody and the excess free UCNPs-labeled antibody
is captured by the control line. The response in the test line is directly proportional
to the amount of analyte in the sample. Therefore, samples with higher V t/Vc ratios
are generally assumed to have higher concentrations. However, it should be noted
that signals generated from the test line may be compromised if the concentration of
the target analyte exceeds a certain critical value (Qian and Bau 2003), which could
lead to inaccurate quantification.

4.3.2 UPT-POCT Assay in Competitive Format

The UPT-POCT assay in competitive format is employed most often when the test
analyte is of low molecular weight or single epitope, such as aflatoxin B1 (AFB1)
(Zhao et al. 2016b), N-sulfanilyl-4-aminobenzoic acid (Wang et al. 2007), metham-
phetamine, or other drugs (Niedbala et al. 2001).A typical scheme for the competitive
design and the response is depicted in Fig. 4.3 (Zhao et al. 2016b). This assay format
employs a UCNPs-labeled detection antibody against the analyte (e.g., monoclonal
antibody frommouse against aflatoxin B1) and a UCNPs-labeled reference antibody
(e.g., rabbit monoclonal or polyclonal antibody) in the conjugate pad. The test line in
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Fig. 4.3 Schematic description of the aflatoxin B1 (AFB1) UPT-POCT assay in competitive format
(Zhao et al. 2016b). Typical results of the competitive immunoassay are presented, including positive
and negative tests. The response (ratio V t/Vc) is negatively correlated to the analyte concentration
(i.e. more analyte present results in lower signal intensity; no analyte gives the highest signal
intensity)

the membrane is coated with an analyte-protein conjugate (e.g., aflatoxin B1-BSA),
and the control line is coated with antibodies against the reference antibody (e.g.,
goat IgG against rabbit antibody).

When liquid samples are positive for the analyte, the UCNPs-labeled detection
antibody in the conjugate pad will first react with the target; then the free UCNPs
reporters will bind to the test line (e.g., aflatoxin B1-BSA).With an increased amount
of analyte in the sample, less free UCNPs reporters will be captured by the test line,
which leads to a decrement in the “Vt” signal. For samples free of analyte, most
of the free UCNPs reporters in the conjugate pad will flow along the paper and be
captured by the test line, generating stronger “Vt” signals than those of the positive
samples. Unlike the “T” signals, the “Vc” signals from the control line change little
because of the invariable reaction between the UCNPs-labeled reference antibody
and the antibodies against the reference antibody. Therefore, in competitive-format
UPT-POCT assays the response (V t/Vc ratio) is negatively correlated to the analyte
concentration (i.e., more analyte present results in lower signal intensity; no analyte
gives the highest signal intensity).
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4.3.3 UPT-POCT Assay in Hybridization Format

DNA targets can be detected using the UPT-POCT assay in hybridization for-
mat (Zuiderwijk et al. 2003; Corstjens et al. 2003). This format can be set up in
an antibody-dependent or antibody-independent manner. Both the set-ups can be
designed for testing the presence or absence of a nucleic acid sequence specific to
the target pathogen.

In the antibody-dependent format the analyte is double-stranded nucleic acid
sequences (ds-amplicon) specific to the target pathogen, which are amplified using
two PCR primers tagged with biotin and another tag (e.g., fluorescein isothiocyanate
or digoxigenin) (Posthuma-Trumpie et al. 2009). Recognition of the analyte is
achieved by binding to the UCNPs-avidin conjugate pre-sprayed in the conjugate
pad, and subsequently captured by the tag-specific antibody (anti-fluorescein anti-
body) coated on the test line. In this format the response is directly proportional to
the amount of analyte. An amplification step (PCR amplification) is often necessary,
thus the use of good primers is important for the following assay.

For single-strand nucleic acid sequence (ss-amplicon) analytes, the antibody-
independent format is applicable, which is based on the hybridization of nucleic
acid sequences. This format employs two distinct complementary fragments of the
target ss-amplicon: one labeledwith theUCNPs reporter in the conjugate pad, andone
sprayed in the test line as a capture probe. The immobilization of the capture probe on
the nitrocellulosemembrane can be performed through passive adsorption (Fig. 4.4c)
or via passive absorption through a BSA-capture probe conjugate (Fig. 4.4b). The
responses are directly proportional to the amount of analyte.

The following two points should be noted: (1) nucleic acid hybridization may take
more time than antibody-antigen interaction; (2) it is very important to select good
complementary nucleotide sequences that enable rapid and specific reactions.

Fig. 4.4 Schematic description of the UPT-POCT assay in hybridization format (Ngom et al.
2010). a Antibody-dependent format with anti-tag antibody coated on the test line. b Antibody-
independent format with the capture probe directly immobilized on the nitrocellulose membrane.
c Antibody-independent format using BSA-capture probe conjugates immobilized on the nitrocel-
lulose membrane
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4.4 UPT-POCT Assay for Multiplexing Detection

4.4.1 UPT-POCT Multiplexing in One Strip

Multiplexing analysis of different targets is also feasible using the UPT-POCT
method. Numerous multiplex UPT-POCT assays have been established by coating
two or more test lines on one strip with common UCNPs or UCNPs with different
optical spectra as reporters, as shown in Fig. 4.5a (Niedbala et al. 2001). The different
test lines are placed separately (3 mm or more apart, depending on the number of test
lines) and transversely across the strip such that the liquid sequentially passes the
individual test lines. It has been reported that the nitrocellulose membrane of the test
strip is long enough (4–5 mm wide and up to 8.5 cm long) to accommodate up to 12
lines 3 mm apart that could be distinguished by the test strip reader. In an example
of a multiplexing UPT-POCT assay (Corstjens et al. 2007), antigens derived from
HIV, hepatitis C virus (HCV), and tuberculosis were immobilized on three separated
test lines on the membrane to capture respective antibodies. This assay is used for
the multiplexed detection of human antibodies against the above pathogens, which
could indicate the state of an infection.

To further enhance the degree of multiplexing, different types of UCNPS reporter
can be used for different analytes. In an example (Niedbala et al. 2001), two types
of UCNPS reporter were used for the detection of a panel of drugs (including
amphetamines, methamphetamine, PCP, and opiates): one that exhibits blue emis-
sion at 475 nm, and a second that exhibits green emission at 550 nm. These two
colors are completely spectrophotometrically distinguishable from each other with
the band pass filters used in the reader. Antibodies for PCP and amphetamine were
conjugated to green phosphors while methamphetamine and morphine were conju-
gated to blue-emitting phosphors. Analyzing the strip for each color phosphor, it was

Fig. 4.5 UPT-POCT multiplexing assay in one strip or using a multi-channel disc. a Description
of a UPT-POCT strip with up to 12 distinct capture lines on the membrane. b Schematic description
of a 10-channel UPT-POCT disc holding 10 strips for different targets
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possible to discriminate all drugs on the basis of phosphor color and position. The
assay can be completed in 10 min, after which the result is scanned by a UPT reader.

It should be noted that the incorporation of multiple lines in a strip may raise sev-
eral issues: (1) the nonspecific reaction or cross-reactivity may be complex, requir-
ing careful development and optimization of the assay; (2) it may disturb the flow
of UCNPS reporters to further downstream test lines, leading to high test signals in
the test lines closest to the sample pad. Further studies are necessary to evaluate the
maximum number of test lines that can be applied to a strip.

4.4.2 UPT-POCT Multiplexing in a Multiple-Channel Disc

Another approach to UPT-POCT multiplexing is to employ a multiple-channel disc,
in which each channel holds a strip. Figure 4.5b shows a schematic description of a
10-channel UPT-POCT disc, which allows 10 UPT-LF strips to react simultaneously
(Hong et al. 2010). The strips are overlapped at the sides of the sample pad. Besides
conventional strip elements, a glass-fiber drainage piece is located in the disc center.
By means of the symmetrical structure and the drainage piece, the samples applied
through the sample-additionwindow can be distributed synchronously and uniformly
into each strip, and thus this one-step assay can simultaneously detectmultiple targets
in one sample. In an example (Zhao et al. 2016a), a 10-channel UPT-POCT disc assay
was developed for the simultaneous detection of ten foodborne pathogens in food
samples. The disc holds ten double-antibody sandwich format UPT-LF strips with
one in each channel for detecting the corresponding analytes. The results showed that
solutions of multiple targets (107 CFU/mL for each bacteria) could be analyzed using
the disc, and the 10 detection channels did not cross-react. The one-step multiplexing
assay can be completedwithin 15min of sample application, and quantitative analysis
can be obtained within 2 min through the 10-channel UPT-POCT biosensor.

In contrast to the approach of multiple test lines in one strip, this technique can
effectively reduce cross-reaction between the antibodies and targets. In addition, the
disc configuration has the potential for use in high-throughput detections by setting
more channels and using strips with two or more test lines in each channel. The
challenge is to improve the sophistication of signal acquisition and miniaturize the
instrument size toward POCT applications.

4.5 Future Outlook

On the basis of UPT technology and the LF platform, current UPT-POCT methods
allow for efficient and cost-effective detection or diagnosis of an analyte or multiple
analytes. However, there remain some challenges for the development of optimal
POCT diagnostics, such as the improvement of analytical performance for ultra
sensitive detection, and the development of home-care devices with sample handling
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and measurement capabilities. In addition, for commercial applications it is also
important to improve the reproducibility of the tests, and good recognition elements
(e.g., antibody, aptamer, and DNA/RNA) must be available and sufficient.

LF is currently the most suitable platform for POCT applications in resource-
poor settings. With the development of technology, much of the recent work with
UCNPs has focused on integrating this technology with microfluidics, which allows
the miniaturization of POCT devices and automation of analysis processes. By inte-
grating UPT-POCT into a lab-on-a-chip design, future UPT-POCT analytical sys-
tems with simple devices (such as smartphones) could replace complex laboratory
assays, and have great potential to be powerful tools for personalized or home-care
diagnostics.

References

Corstjens PL, ZuiderwijkM, NilssonM, Feindt H, SamNiedbala R, Tanke HJ. Lateral-flow and up-
converting phosphor reporters to detect single-stranded nucleic acids in a sandwich-hybridization
assay. Anal Biochem. 2003;312(2):191–200.

Corstjens PL, Chen Z, Zuiderwijk M, Bau HH, Abrams WR, Malamud D, Sam Niedbala R, Tanke
HJ. Rapid assay format formultiplex detection of humoral immune responses to infectious disease
pathogens (HIV, HCV, and TB). Ann N Y Acad Sci. 2007;1098:437–445.

Corstjens PL, van Lieshout L, ZuiderwijkM, Kornelis D, Tanke HJ, Deelder AM, van DamGJ. Up-
converting phosphor technology-based lateral flow assay for detection of Schistosoma circulating
anodic antigen in serum. J Clin Microbiol. 2008;46(1):171–176.

Hampl J, Hall M, Mufti NA, Yao YM, MacQueen DB, Wright WH, Cooper DE. Upconverting
phosphor reporters in immunochromatographic assays. Anal Biochem. 2001;288(2):176–187.

Hong W, Huang L, Wang H, Qu J, Guo Z, Xie C, Zhu Z, Zhang Y, Du Z, Yan Y, Zheng Y,
Huang H, Yang R, Zhou L. Development of an up-converting phosphor technology-based 10-
channel lateral flow assay for profiling antibodies against Yersinia pestis. J Microbiol Methods.
2010;83(2):133–140.

Liu X, Zhao Y, Sun C, Wang X, Zhang P, Qiu J, Yang R, Zhou L. Rapid detection of abrin in foods
with an up-converting phosphor technology-based lateral flow assay. Sci Rep. 2016;6:34926.

Luppa PB, Müller C, Schlichtiger A, Schlebusch H. Point-of-care testing (POCT): Current tech-
niques and future perspectives. TrAC Trends Anal Chem. 2011;30(6):887–898.

Mabey D, Peeling RW, Ustianowski A, Perkins MD. Diagnostics for the developing world. Nat Rev
Microbiol. 2004;2(3):231–240.

Mokkapati VK, Sam Niedbala R, Kardos K, Perez RJ, Guo M, Tanke HJ, Corstjens PL. Evaluation
of UPlink-RSV: prototype rapid antigen test for detection of respiratory syncytial virus infection.
Ann N Y Acad Sci. 2007;1098:476–485.

Ngom B, Guo Y, Wang X, Bi D. Development and application of lateral flow test strip technology
for detection of infectious agents and chemical contaminants: a review. Anal Bioanal Chem.
2010;397(3):1113–1135.

NiedbalaRS, FeindtH,KardosK,Vail T,Burton J,BielskaB,Li S,MilunicD,Bourdelle P,VallejoR.
Detection of analytes by immunoassay using up-converting phosphor technology. Anal Biochem.
2001;293(1):22–30.

Posthuma-TrumpieGA,Korf J, vanAmerongenA.Lateral flow (immuno) assay: its strengths,weak-
nesses, opportunities and threats. A literature survey. Anal Bioanal Chem. 2009;393(2):569–582.

Qian S, Bau HH. A mathematical model of lateral flow bioreactions applied to sandwich assays.
Anal Biochem. 2003;322(1):89–98.



4 Upconversion Nanoparticles-Based Point-of-Care Testing … 79

Sturenburg E, Junker R. Point-of-care testing in microbiology: the advantages and disadvantages
of immunochromatographic test strips. Dtsch Arztebl Int. 2009;106(4):48–54.

Syedmoradi L, Daneshpour M, Alvandipour M, Gomez FA, Hajghassem H, Omidfar K. Point of
care testing: The impact of nanotechnology. Biosens Bioelectron. 2017;87:373–387.

Wang X, Li K, Shi D, Xiong N, Jin X, Yi J, Bi D. Development of an immunochromatographic
lateral-flow test strip for rapid detection of sulfonamides in eggs and chicken muscles. J Agric
Food Chem. 2007;55(6):2072–2078.

Yan Z, Zhou L, Zhao Y, Wang J, Huang L, Hu K, Liu H, Wang H, Guo Z, Song Y, Huang H, Yang
R. Rapid quantitative detection of Yersinia pestis by lateral-flow immunoassay and up-converting
phosphor technology-based biosensor. Sens Actuators B: Chem. 2006;119(2):656–663.

Zhang P, Liu X, Wang C, Zhao Y, Hua F, Li C, Yang R, Zhou L. Evaluation of up-converting
phosphor technology-based lateral flow strips for rapid detection of Bacillus anthracis Spore,
Brucella spp., and Yersinia pestis. PLoS One. 2014; 9(8):e105305.

Zhao Y, Wang H, Zhang P, Sun C, Wang X, Yang R, Wang C, Zhou L. Rapid multiplex detection
of 10 foodborne pathogens with an up-converting phosphor technology-based 10-channel lateral
flow assay. Sci Rep. 2016a;6:21342.

Zhao Y, Liu X, Wang X, Sun C, Zhang P, Qiu J, Yang R, Zhou L. Development and evaluation of an
up-converting phosphor technology-based lateral flow assay for rapid and quantitative detection
of aflatoxin B1 in crops. Talanta. 2016b;161:297–303.

ZuiderwijkM, Tanke HJ, SamNiedbala R, Corstjens PL. An amplification-free hybridization-based
DNA assay to detect Streptococcus pneumoniae utilizing the up-converting phosphor technology.
Clin Biochem. 2003;36(5):401–403.



Chapter 5
Up-Converting Phosphor
Technology-Based Biosensors

Huijie Huang, Lihua Huang and Yongkai Zhao

Abstract In this chapter, the basic concepts of the up-converting phosphor
technology-based biosensor (UPT biosensor) was introduced, the working princi-
ple and the key technologies of the UPT immunoassay analyzer were discussed, and
the analyzer development was presented. The UPT biosensor is an optical biosensor
using up-converting phosphor (UCP) particles as the label, and consists of a UPT
lateral flow (LF) strip and a UPT immunoassay analyzer. The analyzer mainly con-
sists of the photoelectric measurement system, control system, algorithmmodule and
mechanical structure. By measuring the upconversion luminescence signal distribu-
tion of UCP particles on the UPT LF strip, the analyzer obtains the target analyte
concentration of the sample on the basis of the response characteristic curve. The
prototype development and the productionization of analyzers were completed. The
calibration results indicate that the series of UPT biosensors have good response lin-
earity and the detection limit for the plague F1 antigen reaches the level of ng/ml and
even sub ng/ml. The UPT biosensors have been successfully applied in the on-site
detection of plague in plague foci, rapid on-site detection of anti-bioterrorism at the
frontier port, major activity security and clinical diagnosis.

Keywords Optical biosensor · UPT biosensor · Response characteristics · UPT
immunoassay analyzer · One-dimensionally confocal scanning (1-D confocal
scanning)

The up-converting phosphor technology-based biosensor (UPT biosensor) is an opti-
cal biosensor that utilizes up-converting phosphor (UCP) particles as the label.AUPT
biosensor usually consists of a UPT lateral flow (LF) strip and a UPT immunoas-
say analyzer. The analyzer is an intelligent photoelectric detection instrument that
integrates optical, mechanical, electronic and algorithmic technologies.

Since detailed instructions for the principle and preparation of the UPT LF strip
was provided in the previous chapter, the basic concepts of the UPT biosensor,
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Fig. 5.1 Schematic of three elements of a sensor

working principle, key techniques of the UPT immunoassay analyzer, and analyzer
development are discussed in this chapter.

5.1 Basic Concepts of UPT Biosensor

5.1.1 Sensor

According to the national standard of the People’s Republic of China (General Termi-
nology for TransducersGB/T 7665-2005), a transducer/sensor refers to a component
or device that can sense a measurand and translate it into a usable output signal based
on certain rules. A sensor is usually composed of a sensing element and a transducing
element. The usable output signal is generally understood to be an electrical signal.
The sensing element refers to the part of a sensor that can directly sense or respond
to a measurand, which is also called the receptor. The transducing element, known as
a transducer, refers to the part of a sensor that can translate the measurand responded
by the sensing element into an electrical signal suitable for transmission or mea-
surement. In addition, through corresponding mechanical structures and electronic
control circuits, the function of the sensor can be extended to become more complete
and more powerful. Sensing element, transducing element and mechanical structure
and electronic control circuit are the three essential elements of a sensor (Fig. 5.1).

In the modern sense, the output signals of sensors are usually electrical signals
or other forms of information that can be used for transmission, processing, storage,
display, recording, control, etc. Therefore, sensors are the first link for realizing auto-
matic detection and control, and they are precise detection instruments that involve
material science, microelectronics, instrumentation technology, environmental sci-
ence, physics, chemistry, biomedicine and bionics, computer technology and many
other disciplines and technologies.

5.1.2 Biosensor

According to the national standard of the People’s Republic of China (General Ter-
minology for TransducersGB/T 7665-2005), a biosensor refers to a sensor that trans-
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Fig. 5.2 Block diagram of working principle of biosensor

lates the characteristic quantities of a sensed measurand into usable output signals
by utilizing the molecular recognition function of bioactive substances.

Specifically, biosensors are sensors that use bioactive units such as enzymes, anti-
bodies, antigens, nucleic acids, hormones, or organisms themselves such as cells and
organelles as the sensing elements and have high selectivity to target analytes. Sens-
ing elements are also called biological recognition elements ormolecular recognition
elements, and transducing elements, i.e., transducers or signal converters, are called
primary apparatuses. The working principle of a biosensor is shown in Fig. 5.2:
the target analyte diffuses into the sensing element and causes biological reaction
through molecular recognition. The information produced is then translated into an
electrical signal which is quantifiable and processable by the corresponding physi-
cal or chemical transducer and processed and outputted by the detector (secondary
apparatus). Accordingly, the properties and the concentration of the target analyte
are obtained, and the purpose of the detection and analysis is achieved (Zhang 2006).

Biosensors mainly have two classification methods: the biological recognition
element/molecular recognition element classification and the signal converter clas-
sification method (Zhang 2006). According to the biological/molecular recognition
elements, biosensors can be divided into seven types: enzyme sensor, immunosensor
or immunol sensor, microbial sensor, tissue sensor, organelle sensor, nucleic acid
sensor (DNA/RNA biosensor) and molecular imprinted biosensor. Among these,
the molecular recognition elements in the molecular imprinted biosensors belong to
biological derivatives. According to the signal converters, biosensors mainly include
the electrochemical biosensor or bioelectrode, optical biosensor, calorimetric biosen-
sor or thermal biosensor, semiconductor biosensor, conductive/impedance biosensor,
acoustic wave biosensor and cantilever biosensor.

The biosensor is state-of-the-art technology that has been developed with the
mutual penetration of biological, chemical, physical,material,medical and electronic
technologies, along with other disciplines. It has important application value in the
fields of biomedicine, environmental protection, food safety and military medicine
(Si 2003).

5.1.3 Immunosensor

An immunosensor is a biosensor that senses the amount of antigen or antibody and
translates it into a usable signal. This biosensor imitates the natural immunoreactions
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of organisms and uses the recognition between an antigen and an antibody to detect
molecules, cells and microorganisms (Miao 2005). The quality of an immunosensor
depends on the selectivity and affinity of the combination between an antibody or an
antigen and a target analyte (Si 2003).

Immunosensors have important theoretical research and practical application
value. Generally, according to the categories of signal converters and the types of
the translation signals, immunosensors can be divided into the following categories:
(1) electrochemistry class: potential, current and conductance/impedance methods;
(2) optics class: light absorption, photoluminescence (fluorescence or upconversion
luminescence), chemiluminescence, interferometry and surface plasmon resonance
methods; and (3) acoustic class: quartz crystal microbalance, surface acoustic wave
and surface longitudinal wave methods.

Since themolecular binding between an antigen and an antibody does not involve a
catalytic effect and amplification of an enzyme, direct detection has a low sensitivity
and a long response time. Therefore, the immunosensor usually uses a variety of
labeling methods to reveal and amplify the signals. As a result, the immunosensor is
divided into two types: label and label-free. The main labeling methods are:

(1) microbead or nanoparticle labeling method: the labels include luminescent par-
ticles, gold nanoparticles, lattices, liposomes, magnetic particles and others.
Some labels generate light signals (upconversion luminescence and fluores-
cence), some generate color variations, some increase in molecular weight, and
some are enriched in the positions to be measured.

(2) molecule labeling method: this method uses small molecular labels and enzyme
labels.Molecular labels directly generate optical signals (fluorescence and lumi-
nescence resulting from chemical reaction) or electrical signals (electroactive
molecular markers), and enzyme labels produce optical or electrical signals
under the actions of enzymes.

The labelingmethodmay label either an antigen or an antibody (Byfield andAbuk-
nesha 1994). For the antibody labeling method, when an immunoreaction occurs, the
antigen under test, abbreviated as Ag, and the conjugate of the label and the sensi-
tive antibody, represented by Ab*, forms the conjugate of label-sensitive antibody-
antigen under test represented by Ab*-Ag (Fig. 5.3a). When the reaction ends, a
corresponding relationship is established between the quantity of the Ag and the
quantity of the label. Hence the quantity of an Ag can be obtained by detecting the
quantity of the label. Similarly, the detection principle of antigen labeling method
can be obtained (Fig. 5.3b).

5.1.4 Immunochromatographic Biosensor

The solid-phase membrane-based immunoassay with the membrane as the solid
phase carrier of the immunoreaction is a new rapid in vitro diagnosis technique
which has been developed and improved based on mature technologies including
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Fig. 5.3 Schematic of immunoreaction principle of antibody labeling method (a) and antigen
labeling method (b)

enzyme-linked immunosorbent assay (ELISA), monoclonal antibody preparation,
in vitro protein expression, label (colloidal gold, fluorescence particle and UCP
particle) preparation and so on since the 1990s. According to the liquid-sample flow
direction in the reaction process, this technique can be divided into two types: (1)
lateral flow, also known as immunochromatographic assay, and (2) flow through, also
known as immuno-filtration assay. Of the two, lateral flow is simpler and more rapid,
and has high specificity and sensitivity. Therefore, it has been developed rapidly and
plays an important role in clinical inspection, environmental protection, illicit drug
monitoring, military medicine and other fields (Li and Yang 2003).

The immunochromatography assay generally uses a nitrocellulose membrane as
the carrier. The liquid sample added on one end of the membrane strip is the mobile
phase. Through the capillary action of the microporous membrane, the liquid sample
containing the labels and the target analytes slowly laterally migrates to the other
end, like lateral chromatography. In this migration process, the conjugates of the
labels and the target analytes that have formed will bind to the receptors (sensitive
antigens or antibodies) immobilized in a certain region on the membrane, and unre-
lated substances will cross the region and be separated. The detection results can
then be determined through the indicating signals of the labels. The carrier of the
immunochromatographic assay is usually called the lateral flow (LF) strip and acts
as the sensing element and possesses part of the function of the transducing element
through the bound labels.

The quantity of the labels conjugated to the immobilized target analytes on the
LF strip can directly characterize the concentration of the target analytes in the liq-
uid sample, and the concentration information can be obtained by the detection of
the labels by the detection instrument. Accordingly, the LF strip and the detection
instrument constitute a complete immunochromatographic biosensor. The perfor-
mance of a biosensor is largely determined by the properties of the label because the
information of the target analyte is indirectly obtained by measuring the label.
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5.1.5 Optical Biosensor

An optical biosensor is a biosensor that involves the detection of optical signals. It
uses optically sensitive components as the signal converter, reveals the selective and
microscopic molecular recognition process by the optical signal that can be quanti-
tatively detected, and consequently detects and analyzes the biological information
by analyzing the change of the optical signal caused by the biological reaction.

The relationship between light and biological reactions can be summarized into
three aspects: (1) bioluminescence reactions caused by the oxidation of special sub-
stances (such as fluorescein) in some organisms (creatures that glow include fireflies,
some animals in the deep sea and some bacteria); (2) the transmission of light in bio-
logical substances, such as light absorption, light quenching and stimulated light
emission of biological substances; and (3) the interference of biological substances
to light propagation.

Biosensors using optical signals as detection indexes appeared in the 1980s. This
kind of sensor has two main advantages: (1) the photoelectric detection device has
high sensitivity and can improve the sensitivity of the corresponding biosensor; (2)
the noise of the sensor is low because the transmission of the optical signal is not
interfered with by the external electromagnetic field. Therefore, optical biosensors
have received the most concentrated attention in the biosensor research field (Zhang
2006).

The optical phenomena involved in existing optical biosensors mainly include
light absorption, light reflection, fluorescence, upconversion luminescence, chemi-
luminescence, bioluminescence, Raman scattering, photoacoustic and surface plas-
mon resonance (Table 5.1). The optical parameters involved in biological reactions
mainly include intensity, phase, polarization and wavelength. Almost all the mecha-
nisms of the interactions between light and a substance can be applied to the design
of optical biosensors. The optical biosensor is a kind of modern optical instrument

Table 5.1 Main working principles of optical biosensor

Changes of optical properties Light absorption Light scattering

Intensity (amplitude) Absorption/reflection
spectrum

Mie scattering, Rayleigh
scattering

Wavelength Fluorescence, upconversion
luminescence, luminescence
spectrum

Raman spectroscopy

Time domain characteristics Time resolved fluorescence,
upconversion luminescence,
luminescence spectrum

Dynamic light scattering
spectrum

Phase/polarization state Polarization
absorption/circular dichroism
spectrum/fluorescence
anisotropy

Ellipsometry
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that integrates biology, optics, precise mechanism, electronics, computer and other
technologies (Huang et al. 2010).

Colorimetry and luminescence are the two common principles of optical biosen-
sors. Colorimetry is mainly based on the changes in the color or the absorbance
of products produced by an enzyme reaction or an immunoreaction. Luminescence
mainly includes chemiluminescence or bioluminescence, fluorescence and upconver-
sion luminescence. From luminous-substance sources, optical signals can be divided
into self luminescence, label luminescence, enzyme reaction product luminescence
and pyrolysis product luminescence.

Optical biosensors generate optical signals by the direct method or the indirect
method. Direct-method optical biosensors usually do not need additional specific
labels. Their signals depend only on the biological reactions, and their detection sen-
sitivities are limited to nonspecific pollutants. Indirect-method optical biosensors use
added labels to reveal biological reactions. These labels are usually fluorescent dyes
or nanoparticles that can be optically detected. Therefore, in the indirect method,
only the nonspecific pollutants which carry the used labels may generate serious
background noise. Other nonspecific biological substances, as long as their opti-
cal properties do not overlap with the labels, cannot form large background noise.
Accordingly, the detection-signal quality of the indirect method is superior to that of
the direct method for complex and contaminated samples. Hence, the application of
the indirect method is muchmore extensive than that of the direct method in practical
optical biosensors.

According to whether carriers of biological reactions are optical elements, opti-
cal biosensors can be divided into two categories: (1) optical biosensors that use
optical elements as carriers, which mainly include the optical fiber biosensor, pla-
nar optical waveguide biosensor and surface plasmon resonance biosensor; and (2)
optical biosensors that use nonoptical elements as carriers, which mainly include
the immunochromatographic optical biosensor, biochip scanner, flow cytometry,
microfluidic chip system and chemiluminescence immunoassay system.

Optical biosensors are sensitive, specific, stable, provide high throughput, and are
suitable for rapid on-site detection, and are widely used in biomedical diagnostics,
environmental protection, anti-bioterrorism, food safety, drug screening, inspection
and quarantine, drug monitoring and other fields.

5.1.6 UPT Biosensor

Immunochromatographic optical biosensors not only retain the characteristics of
immunochromatography such as sensitive, fast, simple and multi-detection capa-
bility, but also have the advantages of optical detection technology, which include
sensitivity, rapidity and non-destructiveness. However, as discussed in Sect. 5.1.4,
the performance of immunochromatographic biosensors largely depends on the char-
acteristics of the labels used.
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The UPT biosensor is an immunochromatographic optical biosensor that uses
UCP particles as the label and consists mainly of a UPT LF strip and a UPT
immunoassay analyzer. The UCP is composed of a host matrix material and doped
rare-earth ions. The doped rare-earth ions are divided into two species: absorber and
emitter. The combinations of different absorbers, emitters and host matrices provide
the UCPs with different optical properties. The UCP particles can conjugate with a
variety of biologically active molecules after biological modification and activation
and are thus used as biolabels (Zhou et al. 2003; Hampl et al. 2001; Niedbala et al.
2000, 2001).

In addition to the above advantages of the immunochromatographic optical
biosensor, the UPT biosensor has the following prominent technical characteristics
due to the use of UCP particle labels:

(1) high sensitivity: the upconversion luminescence (hereafter called the UCL) of
UCP possesses high efficiency, and each emission peak of the luminescence
has a large anti-Stokes shift and narrow width; therefore, the UCL is easy to be
separated from the excitation light. In addition, the LF strip and other substances
do not generate stray light under the infrared excitation. Hence, the detection
sensitivity is high, and the background noise is low.

(2) high stability: the UCPs are inorganic inert materials with high chemical stabil-
ity. The UCL of UCP particles is a purely physical process that generates within
the materials. The materials have no decay or degradation in the luminescence
process, and the luminescence stability is high. Therefore, generally, the UCL
properties of the UCP particles are not affected by the environmental factors,
and the detection processes are not affected by the liquid samples or sampling
conditions.

(3) high flexibility: UCP particles with different compositions have diverse char-
acteristic spectra which can lead to flexible quantitative detection and multi-
detection by combining with biological technologies.

(4) high security: UCP particles have high stability and low potential toxicity, the
infrared excitation light has low energy, and the detected upconversion lumi-
nescence is in the visible region. Therefore, the detection operations are less
harmful to operators, the inspected person and the environment.

The UPT immunochromatography was discussed in detail in Chap. 4. In this
chapter, the UPT immunoassay analyzer for the interpretation of a UPT LF strip is
introduced.

5.2 Working Principle of UPT Immunoassay Analyzer

The UPT immunoassay analyzer is a photoelectric detection instrument for the quan-
titative interpretation of aUPTLF strip. The analyzer uses theLF strip after biological
reaction as the detection object. Bymeasuring theUCL signal distribution of theUCP
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particles on the LF strip, the analyzer obtains the target analyte concentration of the
sample based on the response characteristic curve.

5.2.1 Quantitative Detection Principle of UPT LF Strip

The UPT LF strip is the carrier on which the immunoreaction of the target analyte
in the liquid sample reacts and can be regarded as the sensing element of the UPT
biosensor. After the reaction, the quantity of the UCP particles bound in the test
line of the LF strip has a proportion relationship with the concentration of the target
analyte.

A UPT LF strip (hereafter called an LF strip) is mainly composed of five parts:
sample pad, conjugate pad, analytical membrane, absorbent pad and laminating card
(Fig. 5.4) (Yan et al. 2006). It can be loaded into a disposable plastic cartridge
(Fig. 5.5). At the time of detection, the sample is added into the sample pad of the LF
strip and enter the conjugate pad by an infiltration and siphonic effect, which makes
the fixed conjugates of the UCP particles and the bioactive molecules inside the pad

Fig. 5.4 Structure schematic of UPT LF strip. Modified from Lu et al. (2006)

Fig. 5.5 Photograph of LF strips with disposable plastic cartridges (top of picture is LF strip before
reaction, and bottom is LF strip after reaction)
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redissolve and free, then leaves the conjugate pad by capillary action and siphonage
of the absorbent pad, enters the analytical membrane, and flows in the direction of
the absorbent pad. During this process, the conjugates of the UCP particles and the
bioactive molecules, the target analytes and the receptors immobilized in the test line
and the control line will undergo specific immunoreactions.

The immunoreactions on the LF strip can be categorized as sandwich mode,
competitive mode and indirect mode. The double-antibody sandwich mode can be
used to detect pathogens, microorganisms and macromolecular antigens in samples,
and the double-antigen sandwich mode can be used to detect antibodies.

The antigen detection principle of a double-antibody sandwich LF strip is shown
in Fig. 5.6. The conjugate of the UCP particle and the target analyte-specific antibody
A (i.e., the antibody can specifically bind with the target analyte, but it can only bind
to the A site of the target analyte), abbreviated as UCP-antibody A conjugate, is
fixed in the conjugate pad of the LF strip. The target analyte-specific antibody B
(i.e., the antibody can specifically bind with the target analyte, but it can only bind
to the B site of the target analyte) is immobilized on the analytical membrane as the
test line, and the second antibody that can bind with antibody A is immobilized on
the membrane as the control line. An ending-index window on the absorbent pad
provides a color change to determine that the liquid sample reaches the absorbent
pad by passing though the analytical membrane.

For the positive sample, theUCP-antibodyA-target analyte-antibodyBconjugates
are immobilized in the test line when the reaction ends, and the UCP-antibody A-
second antibody conjugates are immobilized in the control line (Fig. 5.6a). The
quantity of the UCP particles in the test line is related to the concentration of the
target analyte in the added liquid sample, and the quantity of the UCP particles in
the control line can be used to monitor the quality of the reaction.

For the negative samples, only the UCP-antibody A-second antibody conjugates
are immobilized in the control linewhen the reaction ends, while only nonspecifically
stranded UCP particles are in the test line (Fig. 5.6b). The quantity of the UCP
particles in the control line can still be used to monitor the quality of the reaction.

If antibody A and antibody B on the LF strip are replaced with antigen A and
antigen B, respectively, and the specific antibody A of antigen A is immobilized
in the control line, the double-antigen sandwich LF strip will be obtained and can
be used to detect the specific antibody caused by a certain pathogen infection. The
reaction principle and resulting indication of this LF strip are similar to those of the
double-antibody sandwich LF strip.

5.2.2 Working Principle of Analyzer

The UCL of UCP particles generally has multiple emission peaks within the ultra-
violet, visible and near-infrared regions (Hampl et al. 2001). Within a certain range
of the excitation light power (density), the relationship between the intensity Ivis of
each UCL emission peak and the excitation light power (density) P is
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Fig. 5.6 Schematic of immunoreactions of positive sample (a) and negative sample (b) on double-
antibody sandwich LF strips

Ivis(P) ∝ Pn, (5.1)

where n is the constant corresponding to each emission peak (Menyuk et al. 1972;
Page et al. 1998; Suyver et al. 2005a, b, c, 2006; Zhao et al. 1999, 2000, 2005a).

An LF strip combining with UCP particles after a reaction can be approximately
regarded as a plane Lambertian source. As the prepared UCP particles are almost
uniform, their luminescence properties are similar under identical excitation light
conditions. In the UPT immunoassay analyzer, when the UCL of the UCP particles
within the uniformly illuminated region is collected by the optical system with an
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equal solid angle, the above relationship of Eq. (5.1) can be converted to the corre-
sponding relationship between the optical signal collected by the optical system in
the UCL of these UCP particles and the excitation light power. Therefore, there is a
quantitative correspondence between the luminous flux of the UCL collected by the
optical systemand the quantity ofUCPparticleswithin the illumination region.When
the subsequent photoelectric signal conversion system, signal processing system and
other systems have linear characteristics, the amplitude of the ultimate output elec-
tric signal also has a linear correspondence with the quantity of measured particles.
The above excitation light source, optical system, photoelectric signal conversion
system and pre-signal processing system are combined and called the photoelectric
measurement system.

To complete the detection automatically, intelligently and quickly, the analyzer
needs a computer control system to control and coordinate the overall system and
various subsystems to perform conditionmonitoring, signal acquisition, result output
and other operations. It also needs a good user interface to receive instructions and
display information.

In practical analyzer, using the quantity of UCP particles in the test line of the LF
strip to directly characterize the target analyte concentration of the sample can intro-
duce the measurement error that should be eliminated or reduced by corresponding
technical means. Among them, using the ratio of the UCL signal in the test line to that
in the control line of the same LF strip as the detection result can significantly reduce
systematic errors and further improve the sensitivity and repeatability of detection
(Zhou et al. 2003; Huang et al. 2009; Zhao et al. 2005b).

Finally, it is necessary to calibrate the analyzer. It is to determine the relationship
between the target analyte concentration of the sample and the detection signal of
the analyzer, i.e., the response characteristic curve or the standard working curve of
the UPT biosensor, on the basis of the reliability evaluation of the analyzer.

Based on the above working principle, the UPT immunoassay analyzer first mea-
sures the UCL signal distribution of the UCP particles on the LF strip, then calculates
the UCL signal in the test line (T line) (ST ) and that in the control line (C line) (SC)
(Fig. 5.7). The target analyte concentration of the sample according to the ratio of
ST /SC and the response characteristic curve is then obtained.

Fig. 5.7 Schematic of UCL
signal distribution of UCP
particles on LF strip
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Fig. 5.8 Composition of
UPT immunoassay analyzer

5.2.3 Composition of Analyzer

The UPT immunoassay analyzer mainly consists of four key units: photoelectric
measurement system, control system, algorithm module and mechanical structure
(Fig. 5.8).

To obtain high detection sensitivity and good linear response, the function and
design requirements of each unit of the analyzer are as follows:

(1) The photoelectric measurement system has the following functions: (a) can gen-
erate a uniform illumination light spot of a specific wavelength, power density
and size, (b) can efficiently collect the UCL signal within the measured wave-
length range of the UCP particles on the LF strip with low noise, and (c) can
sensitively and efficiently convert the collected UCL signal into an electrical
signal.

(2) The control system is used to drive the analyzer devices, acquire the output
signal of the photoelectric measurement system, and provide a user-friendly
interface.

(3) The algorithm module is used to make the devices work in a reasonable way,
process and analyze the output signal of the photoelectric measurement system.

(4) The mechanical structure supports and protects the analyzer components, and
enable the analyzer simple and reliable.

5.3 Key Unit Techniques of UPT Immunoassay Analyzer

5.3.1 Photoelectric Measurement System

The photoelectric measurement system of a UPT immunoassay analyzer mainly
includes an excitation light source, an optical system consisting of an illumination
unit of the excitation light (hereafter called an illumination unit) and a UCL receiving
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unit (hereafter called a light receiving unit), a photoelectric converter to convert a
UCL signal into an electrical signal and a signal processing circuit. Among them,
the design of the optical system is key to the analyzer development.

UPT immunoassay analyzers generally are divided into two types, i.e., scanning
type and imaging type (Fig. 5.9; Table 5.2). A scanning analyzer obtains the distribu-
tion of UCP particles on an LF strip by one-dimensionally (1-D) confocal scanning
by the focal line of the focused excitation light, while an imaging analyzer uses a

Fig. 5.9 Diagram of scanning (a) and imaging (b) technical schemes of UPT immunoassay ana-
lyzers

Table 5.2 Comparison of performance characteristics between scanning and imaging analyzers

Key unit Scanning style Imaging style

Photoelectric
measurement system

Optical system 1-D confocal
scanning by focal
line is adopted,
illumination region
area is smaller, S/N
ratio is high

Illumination region
area is larger,
uniformity
requirement is
higher, imaging
quality requirement
is higher

Light source Optical power
requirement is lower

Optical power
requirement is higher

Photoelectric
convertor

Use single-point
photoelectric
detector such as
photomultiplier tubes
or photodiode

Use image sensor

Mechanical structure Need small and
precise 1-D scanning
stage

Do not need motion
mechanism

Control system Drive scanning stage
to work

Drive image sensor
to work

Algorithm module Motion control,
signal acquisition,
data processing

Signal acquisition,
data processing

Measurement time Longer Shorter
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uniform excitation light spot to cover the test line and the control line and obtains
the distribution of UCP particles on an LF strip with imaging optical system.

This chapter discusses the design of scanning analyzers. Imaging analyzers will
be introduced in Sect. 5.4.3.

5.3.1.1 Optical System

1. Wavelengths of illumination light and signal light

The wavelengths of the illumination light and signal light of the optical system
need to be determined first for the selection of the light source and the photoelectric
converter.

Let us use the UCP of NaYF4: Yb3+, Er3+ as an example to describe the selection
of wavelengths. The luminescence efficiency of NaYF4: Yb3+, Er3+ is highest under
980-nm infrared light excitation (Menyuk et al. 1972; Zhou et al. 2003). The emission
spectrum of the UCP particles illuminated by the light at this wavelength is shown in
Fig. 5.10, the emission primary peakwavelength is 541.5 nm, and the secondary peak
wavelengths are 517 nm and 670 nm. The bandwidths of these emission peaks are all
relatively narrow, and the shifts between these emission peaks and the excitation light
wavelength are large. The curve is measured by an SPR-920D spectral radiometer
(Hangzhou Zheda Sanse Instrument Co. Ltd., Hangzhou, China).

According to relevant research, the n values of the UCP particles corresponding to
the UCL intensity within the above emission peaks and the excitation light power are
all approximately equal to 2 (Suyver et al. 2005a, b, c, 2006; Zhao et al. 1999, 2000,
2005a). In addition, when the excitation light intensity increases, the proportion of
the UCL intensity of the particles within the secondary peak at 670 nm increases
significantly.

Fig. 5.10 Emission spectrum of NaYF4: Yb3+, Er3+ particles illuminated by excitation light with
980-nm wavelength (Zhao et al. 2005b). Reproduced with permission from the Editorial Office of
Acta Optica Sinica
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Therefore, for the NaYF4: Yb3+, Er3+ particles, the illumination light wavelength
of the optical system is selected as 980 nm, and the signal light bandwidth should be
between 500 and 700 nm, which includes the primary peak wavelength of 541.5 nm.

2. Structure of optical system

Two structures of co-axis and off-axis can be adopted in scanning and imaging
analyzers.

In the co-axis design, the illumination unit and the light receiving unit may com-
plete the two functions of excitation light focusing and UCL collection and col-
limation together by using a dichroic mirror that reflects the excitation light and
transmits the UCL. This design has a compact structure and is beneficial to obtain a
larger collection aperture angle.

In the off-axis design, usually, the optical axis of the light receiving unit is per-
pendicular to the surface of the LF strip, and has an inclined angle of 45° with the
optical axis of the illumination unit.

5.3.1.2 Excitation Light Source and Illumination Unit

The light beam emitted from the excitation light source is transformed by the illu-
mination unit into the required illumination light spot on the surface of the LF strip.

The selection of the excitation light source profits from the development of laser
technology. The semiconductor laser, also known as the laser diode (LD), has the
advantages of small size, light weight, high electro-optic conversion efficiency, long
working life, low cost and the ability to be directly modulated. The main character-
istic of the LD is that its output power and wavelength may vary with changes in
temperature and current. Therefore, a temperature control device and constant power
driving circuit are often added to this kind of laser to improve its stability to meet
application requirements.

Therefore, a laser diode module (hereafter called an LDmodule) that is composed
of a 980-nm wavelength LD and an aspheric lens with a large numerical aperture can
be used as the excitation light source. This module can emit a collimated light beam
with an approximatively rectangular cross section.

Because the actual distribution of UCP particles is not uniform in the test line and
control line, to obtain the UCL signal of all UCP particles, the length of the focal line
in the scanning analyzer needs to match the width of the result-scanning window of
the LF strip, and the length and width of the rectangular illumination light spot in
the imaging analyzer needs to match the length and width of the window (Fig. 5.9)
(Zhao et al. 2006).

A cylindrical lens can be used in the illumination units of the two types of ana-
lyzers. The lens can focus the light beam emitted from the LD module into the focal
line in a scanning analyzer or cause the beam to diverge one-dimensionally to form
a rectangular light spot to cover the test line and control line of an LF strip in an
imaging analyzer.
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5.3.1.3 Light Receiving Unit and Photoelectric Converter

The UCL of UCP particles is weak. The quantity of UCP particles in the illumination
region is less, and their UCL signal is lower. However, the power of the excitation
light is much higher than that of the UCL, and stray light results in the light receiving
unit due to the scattering of the excitation light on the LF strip surface. Therefore,
on the one hand, the light receiving unit needs a large numerical aperture to the LF
strip surface to improve the collection efficiency; on the other hand, it needs to have
a high transmittance within the measured light bandwidth and a high suppression
rate to stray light.

The confocal method by focal line is adopted in the optical system of a scanning
analyzer to reduce the stray light from outside of the focal line, which improves the
S/N ratio. The size of the slit field stop on the image surface of the receiving unit
should onlymake the UCL of the UCP particles fall within the focal line pass through
after being focused, and then reach the photoelectric converter.

The photoelectric converter needs to have high spectral responsivity or quantum
efficiency, a high S/N ratio and low noise within the measured UCL bandwidth.
The commonly used single-point photodetectors are mainly photomultiplier tubes
(PMTs) and photodiodes (PDs), and the common image sensors are mainly CCD
and CMOS image sensors. A PMT can convert an optical signal into an electrical
signal and carry out secondary electron multiplication. It has the advantages of high
sensitivity, a low dark current, short response time and good linearity. The cut-off
wavelengths of some types of PMTs are less than 800 nm, which is very helpful in
removing the influence of residual excitation light.

5.3.2 Control System

A UPT immunoassay analyzer should meet the requirements of automation, small
size, multifunction, high speed, being powered by a built-in battery and low power
consumption. Therefore, it needs to use an embedded control system. The embed-
ded system (ES) is a special computer system including two parts of software and
hardware. The system controls and coordinates each unit and the subsystems in the
analyzer, and implements condition monitoring, signal acquisition, result output,
human–computer interaction and other special functions.

5.3.3 Algorithm Module

The algorithm module of a UPT immunoassay analyzer mainly has the functions of
signal acquisition, data processing and function line searching, and should eliminate
or reduce the following interference factors: (1) the noises generated by the collection
of the UCL, photoelectric signal conversion and electric signal processing; (2) the
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background noise caused by the UCP particles nonspecifically stranded on the LF
strip; and (3) the positioning errors of the function lines introduced in the processing,
manufacture and loading of an LF strip.

The algorithm module is integrated into the software program and works via the
control system.

5.3.4 Mechanical Structure

The mechanical structure of a UPT immunoassay analyzer need to guarantee the
design requirements of the layout and each unit of the analyzer. It mainly includes
the mechanical structure of the optical system, scanning stage and analyzer layout.

The mechanical structure of the optical system must ensure the relative space
positioning of the various optical elements through rigid or elastic connection, fixa-
tion and adjustment between the optical elements and the mechanical parts to satisfy
the optical system requirements of extinction, anti-vibration, thermal dissipation,
dustproofing and other aspects. In order to facilitate the assembly of optical system
and the integration and maintenance of analyzers, the optical system can be designed
as an independent module.

In a scanning analyzer, an LF strip is loaded by the scanning stage and driven by
the control system. The scanning stage needs to ensure design requirements such as
scanning range, resolution, speed and positioning accuracy.

The analyzer layout and structure needs to meet the requirements including shad-
ing, heat-dissipation, electromagnetic compatibility, insertion and removal of LF
strips and maintainability.

5.3.5 Instrument Calibration

To realize accurate quantitative detection, an UPT immunoassay analyzer needs to be
calibrated for obtaining the response characteristic curve, so that the specifications
of the analyzer can be evaluated. Meanwhile, the response characteristic curve is also
a necessary condition for the actual use of the analyzer.

5.3.5.1 Repeatability, Stability and Reproducibility

TheUPT biosensor consists of the UPTLF strip and the UPT immunoassay analyzer.
The reliability of the UPT biosensor must be evaluated from the two aspects of the LF
strip and the analyzer respectively, and usually is described by three specifications:
repeatability, stability and reproducibility.

Repeatability refers to the consistency of repeated measurement results of the
same LF strip in a short time using one analyzer. The performance can be evaluated
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by the relative standard deviation (RSD) or the coefficient of variation (CV ) of the
measurement results, which is equal to the ratio of the standard deviation (SD) and
the mean:

CV = (SD/mean) × 100%. (5.2)

A smaller CV value reflects better repeatability (Miao 2005).
Stability refers to the extent to which the performance of the analyzer remains

constant with time and is usually the consistency of the long-term performance of the
analyzer. Theperformance canbe evaluated by theCV value ofmultiplemeasurement
results to the same LF strip with a longer time interval and using one analyzer.

Reproducibility refers to the extent of the similarity of measurement results to
the same LF strip by using multiple analyzers of the same type. The performance
usually is expressed by the CV value of the measurement results to the same LF
strip by using these analyzers, and it can be used to assess the maturity of the batch
manufacturing process of the analyzers. In general, a CV value less than 10% is
acceptable, especially in the trail production phase.

5.3.5.2 Response Characteristic Curve

By preparing a series of standard LF strips of known target analyte concentrations, a
group of signals (ST /SC values) corresponding to the concentrations can be obtained
by an analyzer. Based on a certain mathematical model, the response characteris-
tic curve of the UPT biosensor can be fitted according to the results and used for
quantitative detection.

In the curve fitting, the linear fitting equation obtained by the least square method
has only two parameters and can describe most of the rules of biological reactions.

The response characteristic curve of a UPT biosensor can be divided into three
segments (Fig. 5.11). The segment A indicates that the target analyte concentration
is below the lower limit of detection Cmin of the UPT biosensor, and the segment C
indicates that the concentration is higher than the upper limit of detection Cmax. In
these two segments, the detection results cannot accurately correspond to the actual

Fig. 5.11 Schematic of linearly fitted response characteristic curve
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Fig. 5.12 Response characteristic curve based on four-parameter logistic model

target analyte concentrations. The segment B, in which the target analyte concen-
tration ranges from Cmin to Cmax, is the linear range of the UPT biosensor. Through
the concentrations of the standard samples in the segment B and the corresponding
detection results, the linear equation ST /SC = k × C + b can be fitted out. In this
equation, k is the slope of the fitted line, which is the sensitivity of the sensor in this
linear range, i.e., the parameter that evaluates the capability of the sensor to detect
trace matter, and b is the intercept of the line.

The four-parameter logistic model (hereafter called the 4PLmodel) is an effective
and universal model, and its general form is

Signal = d + (a − d)

1 + (x/c)b
, (5.3)

where x is the target analyte concentration, a is the detection result of the analyzer
when there is no target analyte in the sample, b is the slope factor indicating the
variation of the detection result when the target analyte concentration (or dose)
increases, c is the target analyte concentration (or dose) when the detection result is
the median between a and d, and d is the detection result of the analyzer when the
target analyte in the sample is excessive (Fig. 5.12) (Huang et al. 2009).

When the immunoreactionmode, the target analyte type or the LF strip production
batch changes, and after the analyzer operates for a period of time or is adjusted, the
response characteristic curve of the UPT biosensor needs to be re-calibrated.

5.4 Development of UPT Immunoassay Analyzer

Based on the scheme of the scanning measurement technique, five models of four
generations of UPT immunoassay analyzers were developed (Table 5.3). The first
three generations, fourmodels in total, are single-channel UPT immunoassay analyz-
ers, and the fourth generation is a multichannel UPT immunoassay analyzer (UPT-M
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Table 5.3 Summary of UPT immunoassay analyzers

Model Optical
system

Control
system

Power supply Measurement
time

Application

UPT-1 Co-axis
structure

Based on 3.5′′
SBC

External
power supply

90 s Prototype

UPT-2 Off-axis
structure

Based on
PC/104 SBC

Built-in
battery

30 s Small batch
application

UPT-3 Based on
SCM

Built-in
battery

30 s Small batch
application

UPT-3A Based on
ARM micro-
controller

Built-in
battery

20 s Product

UPT-M Based on
PC/104 SBC

External
power supply

2 min Prototype

Imaging Based on
SCM

10 s Experimental
system

analyzer). Furthermore, we developed an imaging detection system for the LF strip
using a linear image sensor.

5.4.1 Development of Single-Channel UPT Immunoassay
Analyzer

5.4.1.1 UPT-1 Analyzer

The UPT-1 analyzer is designed based on one-dimensionally confocal scanning by
the focal line, and the working principle is shown in Fig. 5.13 (Zhao et al. 2005b,
2006; Lu et al. 2006).

1. Photoelectric measurement system

The optical system of the UPT-1 analyzer adopts a co-axis structure, i.e., the illumi-
nation unit and the light receiving unit share a focusing/collimating lens through the
dichroic mirror.

The collimated light beam with an approximatively rectangular cross section
emitted from the LD module is one-dimensionally focused by the convex-plane
cylindrical lens, and is then reflected by the dichroic mirror and focused by the
focusing/collimating lens into the focal line on the surface of the LF strip. The
dichroic mirror reflects the excitation light and transmits the UCL, and the angle
between the reflecting surface and the incident light beam is 45°.

The UCL of the UCP particles within the illumination region is collected and
collimated by the focusing/collimating lens, then passes the dichroic mirror and the
optical filter used to filter out the stray light, and then is focused on a slit field stop by
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Fig. 5.13 Schematic of working principle of UPT-1 analyzer. Modified from Zhao et al. (2005b)

the focusing lens. The optical signal that has passed through the slit incidents on the
photosensitive surface of the photoelectric converter. The converted electrical signal
is then amplified and transmitted to the control system.

(1) Excitation light source and illumination unit

The LD module with a 980-nm wavelength was selected as the light source. The
output power of the LD module was 30 mW, and the emission spectrum is shown in
Fig. 5.14 (measured by a SPEX 1702/04 spectrometer). The width W along the X
axis and height H along the Y axis of the rectangular cross section of the collimated
light beam emitted from the LD module were 4 mm and 2 mm, respectively.

The dichroic mirror in the illumination unit needs to have high reflectivity for the
excitation light and high transmittance of the UCL. The transmittance curve of the
dichroic mirror used when the angle between the reflecting surface and the incident
light beam is 45° is shown in Fig. 5.15 (measured by a PerkinElmer Lambda 900

Fig. 5.14 Emission
spectrum of LD module (Lu
et al. 2006). Reproduced
with permission from the
Editorial Department of Acta
Photonica Sinica
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Fig. 5.15 Spectrum
transmittance curve of
dichroic mirror when angle
between reflecting surface
and incident light beam is
45° (Zhao et al. 2005b).
Reproduced with permission
from the Editorial Office of
Acta Optica Sinica

spectrophotometer). The transmittance at 980 nm was about 0.88%. If the loss of
light energy is neglected, the reflectivity is about 99.12%. The transmittance ranging
from 500 to 700 nm was from 85 to 95%.

The focusing/collimating lens shared by the two units consisted of an achro-
matic doublet lens and an aplanatic lens. The numerical aperture (NA) of the focus-
ing/collimating lens was 0.386, and the focal length f d ′ was 17.659 mm. The focal
length of the cylindrical lens was 72.2 mm.

The light beamemitted from theLDmodule remained collimated in theYOZplane
after passing through the cylindrical lens, then was focused on the LF strip surface
by the focusing/collimating lens. The light beamwas in the defocused position along
the X axis on the LF strip surface.

The focal depth of the collimated light beam focused by the focusing/collimating
lens is

δ f ′ = λ/[H/(2 f ′)]2. (5.4)

TheheightH of the collimated light beamwas2mm.Therefore, δ f ′ was calculated
to be about 0.3 mm by the above equation.

According to the Fraunhofer diffraction equation of rectangular apertures, the half
width of the focal spot of the collimated beam focused by the focusing/collimating
lens is

ρ = λ/(H/ f ′). (5.5)

Because the actual incident beam has a divergence angle (half angle), the focal
line on the focal plane of the focusing/collimating lens widens. Therefore, the total
width of the focal line is

w = 2[ f ′θ + λ/(H/ f ′)]. (5.6)

The divergence angle of the light beam emitted from the LD module was about
0.6 mrad. From this, the width w of the focal line was calculated to be 38.5 μm.
Meanwhile, the length of the focal line of the excitation light (along the X axis) was
calculated to be 0.852 mm by optical design software.
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(2) Light receiving unit

The light receiving unit consists of the focusing/collimating lens, a filter, a focusing
lens and a slit field stop.

The filter in the light receiving unit is used to filter the stray light outside the signal
light bandwidth, suppress the backgroundnoise of the optical system, and improve the
S/N ratio. The transmittance curve of the filter measured by a PerkinElmer Lambda
900 spectrophotometer is shown in Fig. 5.16. The transmittance was higher than
95% at the 541.5-nm wavelength, and was less than 0.01% at the 980-nm excitation
wavelength.

The magnification of the light receiving unit is β = f ′
d/ f

′, where f ′
d is the focal

length of the focusing lens. The focusing lens is the same as the achromatic doublet
lens in the focusing/collimating lens, and f ′

d was 25.243 mm. Thus, β was calculated
to be−1.429×, and the size of the image on the back focal plane of the focusing lens
of the excitation light focal line on the LF strip was about 1.218 mm × 0.055 mm.

The spot diagram calculated by optical design software is shown in Fig. 5.17,
the size of the dispersion circle of the center field, the diameter of which was about
φ0.186 mm, was close to that of the off-axis field. In the actual design, the size of
the slit field stop, for its assembly and adjustment, was set to 2 mm × 0.6 mm.

(3) Photoelectric converter

A H5784-01 PMT module (Hamamatsu Photonics KK) was used as the photoelec-
tric converter. The module includes a metal package PMT, a low power consumption
high-voltage power supply and a low-noise pre-amplifier. The effective area’s diam-
eter of the photoelectric surface of the PMTwas φ8mm. The spectral response range
of the module was 300–850 nm, the peak wavelength was 400 nm, and there was no
response to the excitation light at the 980-nm wavelength. The feedback resistance
of the preamplifier was 1 M�, the current-to-voltage conversion factor was 1 V/μA,
and the frequency bandwidth was 20 kHz (Hamamatsu Photonics 2008).

2. Control system

The hardware of the UPT-1 analyzer control system is mainly composed of a 3.5′′
embedded SBC and a multifunction data acquisition (DAQ) card connected via a
PC/104 interface (Fig. 5.18).

Fig. 5.16 Spectrum
transmittance curve of filter
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Fig. 5.17 Spot diagram of different view fields of light receiving unit

Fig. 5.18 Hardware
composition of UPT-1
analyzer control system

The functions of the control system include:

(1) power-on initialization and the condition monitoring of the analyzer, including
parameter setting, status inquiry and feedback,

(2) analyzer automatic measurement control, including the motion control of the
scanning stage, acquisition of the signal output from the photoelectric measure-
ment system and result output,

(3) a user-friendly interface to allow an operator to obtain information instantly
and clearly, to input or select instructions accurately, and to correct or verify the
settings or detection results of the analyzer, and

(4) functions needed for the test, calibration, examination, maintenance and other
operations to the analyzer.
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The detailed program flow of the analyzer automatic measurement control is
shown in Fig. 5.19. Among them, the control system, at the beginning of the mea-
surement, determines whether to carry out the reset operation of the scanning stage
according to the judgement result of the LF strip position by the status of the two
Hall proximity switches corresponding to the start and the end points of the result-
scanning window of the LF strip (The directions of the reset and forward movement
of the scanning stage are controlled by the direction signal input into the motor driver
from the control system). When the LD stabilizes, the control system acquires the
voltage signals output from the PMT module according to the signal acquisition
algorithm, performs data processing, stores the results into memory, and then sends
the required number of pulses to the motor driver, which moves the LF strip forward
to the next measurement position.

When the measurement ends, a raw data curve is drawn in the dialog box on the
screen of the analyzer.

3. Algorithm module

Fig. 5.19 Automatic measurement control flow chart
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The main function of the algorithm module of the UPT-1 analyzer is data process-
ing, including three steps: data curve smoothing and denoising, function line search
and result calculation. The detailed flow is shown in Fig. 5.20. Along with ST /SC
being used as the detection result, the first two steps are implemented based on their
respective algorithms.

(1) Smoothing and denoising algorithm

The UCL signal distribution measured by the UPT-1 analyzer is shown as the violet
curve 1 in Fig. 5.21a, which is shifted upward by 1 V artificially for the convenience
of comparison. The curve shows many rapid fluctuations and the background noise
coming from the UCP particles nonspecifically stranded. Therefore, a five-point
value smoothing for reducing fluctuations and a baseline translation processing for
denoising were performed on the data in the measurement region, assuming the
background noise distribution was linear.

The smoothed result of the raw data curve is shown as the red curve 2 in Fig. 5.21a.
Then the denoising is shown in Fig. 5.21b: the minimum points searched near both
boundaries of the test line in the curve 2, which was artificially shifted upward by
1 V, were selected as the start and end points of the background noise baseline of the
test line and the noise value of each point was calculated. Similarly, the background
noise baseline of the control line and the noise value of each point can be obtained.
Thus, the blue curve 3 was obtained by removing noise from the curve 2. By using
this relatively simple data processing algorithm, the interference of the fluctuations
and the background noise were reduced to a certain extent.

Fig. 5.20 Data processing
flow chart. Modified from Lu
et al. (2006)
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Fig. 5.21 Schematic of
smoothing and denoising
algorithm

(2) Function line semi-automatic search algorithm

The function lines of an LF strip have positioning errors that do not allow the analyzer
to directly and accurately calculate the signal ST of the test line and SC of the control
line. Therefore, on the basis of the artificial initial location of the function lines,
an average calculation of the adjacent multiple points is made to the smoothed and
denoised curve according to the widths of the function lines, then the maximum
values automatically searched in the two function lines are taken as the signals of ST
and SC , and the coordinates of the values are set as the function line locations.

4. Calibration

First, the detection repeatability and the detection stability of theUPT-1 analyzerwere
evaluated using a double-antigen sandwich LF strip addedwith the rabbit anti-plague
Immunoglobulin G (IgG) sample. In addition, the LF strip was repeatedly inserted
into the analyzer and measured to evaluate the validity of the function line search
algorithm of the analyzer to LF strips. Each of the above three specifications was
evaluated by the coefficients of variation (CV ) of 12measurement results (Table 5.4).
The CV values of ST /SC in the evaluation results were all less than 5%, which
indicates that the analyzer had good detection repeatability and stability, and was
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Table 5.4 Evaluation results of detection reliability of UPT-1 biosensor

Evaluation content CV values of measurement results

ST (%) SC (%) ST /SC (%)

Repeatability 6.26 6.285 1.224

Stability 7.408 6.507 4.693

Validity of function line search algorithm 2.879 1.499 3.0

less affected by the positioning error of the LF strip, and therefore had reliable
performance.

The detection results of a series of 20 rabbit anti-plague IgG standard samples
with different concentrations using double-antigen sandwich LF strips and theUPT-1
analyzer are shown in Table 5.5.

Taking the linear fitting to the detection results in the concentration range of
200–6000 ng/ml, the linear equation obtained is Y = −0.15708 + 0.000618684 ×

Table 5.5 Detection results of rabbit anti-plague IgG standard samples with different concentra-
tions using a UPT-1 analyzer

LF strip number Concentration (ng/ml) ST (V) SC (V) ST /SC

1 0 0.08022 2.53308 0.03167

2 200 0.21162 1.96276 0.10782

3 400 0.32219 1.41627 0.22749

4 600 0.33713 1.44870 0.23271

5 800 0.44608 1.18135 0.37760

6 1000 0.55548 1.05232 0.52786

7 1500 0.38261 0.88773 0.43100

8 2000 0.90733 0.83361 1.08843

9 2500 0.94500 0.78799 1.19926

10 3000 1.49448 0.79857 1.87144

11 3500 1.05374 0.67269 1.56645

12 4000 1.51084 0.65686 2.30010

13 4500 2.12359 0.71419 2.97343

14 5000 1.84586 0.62598 2.94876

15 5500 1.88203 0.56959 3.30419

16 6000 2.29032 0.64625 3.54402

17 6500 1.80184 0.63839 2.82248

18 7000 2.56942 0.48019 5.35083

19 7500 2.35049 0.64757 3.62971

20 8000 2.47013 0.41861 5.90079

Detection result of ST /SC is from Zhao et al. (2005b)
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Fig. 5.22 Detection results
of rabbit antiplague IgG
standard samples with
different concentrations
using UPT-1 analyzer and
fitted response characteristic
curve. Modified from Zhao
et al. (2005b)

Fig. 5.23 UPT-1 analyzer
(Zhao et al. 2005b).
Reprinted with permission
from the Editorial Office of
Acta Optica Sinica

X, where X is the concentration of the sample, and Y is the ST /SC value (Fig. 5.22).
The correlation coefficient r of the fitting equation is 0.98707, which indicates that
the response linearity of the UPT biosensor in the concentration range was good.

A photograph of the developed UPT-1 analyzer is shown in Fig. 5.23.

5.4.1.2 UPT-2 Analyzer

The UPT-2 analyzer is a single-channel scanning UPT immunoassay analyzer that
uses an optical system with an off-axis structure, and the optical system principle is
shown in Fig. 5.24 (Huang et al. 2009).

1. Photoelectric measurement system

In the optical system of the UPT-2 analyzer, the angle between the optical axis of the
illumination unit and that of the light receiving unit, which is perpendicular to the
LF strip surface, is 45°.
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Fig. 5.24 Schematic of
optical system principle of
UPT-2 analyzer. Modified
from Huang et al. (2009)

An LDmodule with a 980-nmwavelength was used as the excitation light source,
and the output power of the module was 100 mW. A cylindrical lens with a 32.75-
mm focal length was used in the illumination unit to one-dimensionally focus the
approximately collimated light beam emitted from the LDmodule into a rectangular
focal line of 3 mm × 50 μm on the LF strip surface.

The filter in the light receiving unit was the same as that in the UPT-1 analyzer,
both the collimating lens and the focusing lens were a plano-convex lens with an
NA of 0.36. The size of the rectangular slit behind the focusing lens was 3.5 mm ×
0.6 mm.

2. Control system

The control system hardware of the UPT-2 analyzer uses a 7020B embedded SBC
and an ADT652 multifunction data acquisition card which conform to the PC/104
standard and aremanufactured by SBS Science&Technology Co., Ltd. The analyzer
is powered by a built-in rechargeable lithium battery.

A small stepper motor is used as the actuator of the LF strip scanning stage in
the analyzer, its motion control is implemented by the hardware and software of the
control system and an efficient algorithm.

3. Algorithm module

Amulti-thread software technique is used formotion control, and the code that drives
the motor is located in an auxiliary thread to improve the efficiency of the CPU. The
square wave output function and the timing function of the two timers in the data
acquisition card are used to generate the sequential pulse signals needed to drive the
motor. This method requires only initialization, and does not occupy CPU processing
time. Therefore, it can save CPU resources and obtain a precisely timed pulse output
to stabilize the motor movement and ensure an accurate scanning resolution.

The data processing algorithm comprises four parts (Fig. 5.25).
The principle of the algorithm is shown in Fig. 5.26. First, a Fourier transform

is used on the raw one-dimensional distribution signal for the analysis of its spatial
spectrum and the determination of its cut-off frequency, the signal is low-pass filtered
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Fig. 5.25 Data processing algorithm flow chart

Fig. 5.26 Schematic of data processing algorithm (Huang et al. 2009). Reproducedwith permission
from IEEE

by using the Remez algorithm, and the resulting data are stored. Then, the first-order
derivative of the data is solved, and the boundary positions of the test line and the
control line are determined on the basis of the positive and negative variations of the
derivative. The baseline equation of the noise is determined according to the boundary
values of the two function lines, and the corresponding noise values are removed from
the data after filtering. Finally, ST and SC are calculated by the summation of the
data within the test line and the control line, and the target analyte concentration of
the sample is obtained according to ST /SC and the response characteristic curve.
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4. Calibration

First, the detection repeatability and the detection reproducibility of the UPT-2 ana-
lyzer were evaluated using a double-antibody sandwich LF strip that was added with
a 10 ng/ml plague F1 antigen standard sample and on which the reaction was stable
(Fig. 5.27).

The 20 repeated measurement results of the LF strip using one UPT-2 analyzer
are shown in Fig. 5.27a. The CV value of 2.68% indicates that the analyzer had
good detection repeatability. The measurement results of 12 analyzers of a small
batch production are shown in Fig. 5.27b. The CV value of 2.9% indicates that the
detection reproducibility of the analyzer batch was good, and the manufacturing
process was relatively mature. Therefore, the performance of the UPT-2 analyzer
was reliable.

The detection results of a series of plague F1 antigen standard samples with
different concentrations using double-antibody sandwich LF strips and the UPT-2
analyzer are presented in Table 5.6. The result of 3.147 when the concentration was

Fig. 5.27 Evaluation results of UPT-2 analyzer: detection repeatability (a) and reproducibility (b)

Table 5.6 Detection results
of plague F1 antigen standard
samples with different
concentrations using a UPT-2
analyzer (Huang et al. 2009)

LF strip number Sample concentration (ng/ml) ST /SC

1 0 0.373

2 5 1.003

3 10 1.270

4 20 1.633

5 40 2.142

6 60 2.673

7 80 3.284

8 100 3.327

9 150 3.474

10 200 3.147

Reproduced with permission from IEEE
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Fig. 5.28 Detection results of plague F1 antigen standard samples with different concentrations
using UPT-2 analyzer and response characteristic curve fitted on basis of 4PL model (Huang
et al. 2009). Reproduced with permission from IEEE

200 ng/ml was less than that of 3.474 when the concentration was 150 ng/ml. This
phenomenon is called the Hook effect or the Prozone effect, and occurs when there
are more plague F1 antigens in the sample. The binding between the antigens and
antibodies in the test line could weaken the binding between the F1 antigen-UCP-
antibody A conjugates and the antibodies in the test line, which ultimately decreases
the number of UCP particles in the test line and causes the measurement value to
decline.

The response characteristic curve fitted according to the detection results of the
samples with concentrations from 5 to 150 ng/ml using the 4PL model is shown in
Fig. 5.28. The equation is

Y = 4.191 + (1.084 − 4.191)

1 + (X
/
1.731)

6.095
,

where X is the logarithmic value of the concentration, Y is the ST /SC value, and
r2 is 0.984, indicating that the response characteristic of the UPT biosensor in the
concentration range was good.

A photograph of the developed UPT-2 analyzer is shown in Fig. 5.29.

5.4.1.3 UPT-3A Analyzer

The UPT-3A analyzer is designed for clinical diagnostic market. The analyzer uses
an optical system with an off-axis structure and a control system based on the ARM
microcontroller, and is powered by a built-in lithium battery.

RFID electronic tags integrated into the LF strips that are detected by the UPT-3A
analyzer contain the product information and quantitative parameters. The analyzer
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Fig. 5.29 UPT-2 analyzer

obtains these data through contactless access to the tag by using a built-in RFID
read-write module.

1. Control system

The control system hardware of the UPT-3A analyzer contains a core STM32F103
MCU (STMicroelectronics). In addition to the motion control of the scanning stage,
signal acquisition and data processing, the control system supports contactless access
to the LF strip, keyboard operation, LCD display, data storage, record backup, the
printing of results, a real-time clock, battery monitoring and PMT gain control
(Fig. 5.30). The RS232 serial debugging interface, RFID read-write module, micro
printer and other peripherals communicate with the STM32F103 MCU through a
USART bus interface. The PMT gain control chip, nonvolatile ferroelectric RAM,
SD card and other peripherals communicate with the STM32F103 MCU through an
SPI interface.

The software architecture of the control system is shown in Fig. 5.31. When
the analyzer is turned on, the control system initializes by reading the protection
parameters and the user interface display, performs other preparatory tasks, and then
accesses the function program. After detecting and updating the status information
of each part of the analyzer, the control system scans the keyboard input instructions,
and performs the requested operation.

2. Algorithm module

The data processing algorithm used in the UPT-3A analyzer first performs cross-
correlation processing of the signals after smoothing, and then performs an adaptive
function line boundary orientation (Xie et al. 2009).



116 H. Huang et al.

Fig. 5.30 Schematic of hardware architecture of UPT-3A analyzer control system

Fig. 5.31 Schematic of
software architecture of
UPT-3A analyzer control
system
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Fig. 5.32 Schematic of
cross correlator (Xie
et al. 2009)

The correlation function describes the relation or degree of similarity between two
signals, and can be applied to the detection, recognition and extraction of the signals
in random signal analysis and processing. The correlation function includes the auto-
correlation function and the cross-correlation function (CCF); the CCF describes the
association degree between two different random signals.

The principle of a CCF calculator (cross-correlator) for time-domain signals is
shown in Fig. 5.32 (Ji and Zhang 2004). The input signal is x(t) = s(t) + n(t), where
s(t) is the measured signal, n(t) is the noise signal, and y(t) is the input reference
signal.

Suppose y(t) is correlated to the measured signal s(t), and is uncorrelated with the
noise signal n(t), the output of the cross-correlator is the CCF of x(t) and y(t) given
by

Rxy(τ ) = lim
T→∞

1

2T

∫ T

0
[s(t) + n(t)]y(t − τ)dt = Rsy(τ ) + Rny(τ ). (5.7)

Since n(t) is uncorrelated with y(t), Rny(τ ) = 0,

Rxy(τ ) = Rsy(τ ). (5.8)

Therefore, the purpose of the cross-correlator to suppress noise is achieved.
For a finite-length discrete sequence signal x(n), where n = 0 − (N − 1), the

calculation formula of its CCF is

Rxy(m) = 1

N − m

N−1−m∑

n=0

x(n)y(n + m), m = −(N − 1) ∼ (N − 1). (5.9)

If a sample is detected by using a double-antigen sandwich LF strip, the binding
of the UCP-antigen A-target analyte conjugates in the sample to the correspond-
ing antigens within the width of the test line and that of the free UCP-antigen A
conjugates to the antibodies within the width of the control line are both Gaussian
random processes when the two types of conjugates flow together through the ana-
lytical membrane. Accordingly, the quantities of the UCP particles result within the
two functional lines due to the specific binding both present Gaussian distributions
with the widths of the function lines. The case of an indirect LF strip is similar.
According to the linear correspondence of the signal conversion in the analyzer, the
voltage signals acquired in the two functional lines follow the normal distribution
law. Therefore, the Gaussian function can be selected as the reference signal, and its
prototype algorithm is given as
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f (x) = a × e−(x−b)2/c2 , (5.10)

where a is preferable to 1. The LF strip processing has become mature after the
UPT-2 analyzer. The widths of the test line and the control line are both 1 mm, the
distance between the centers of the two function lines is 3 mm, and the scanning
range is 9 mm. Accordingly, when the scanning resolution is 50 μm, a total of
180 measurement points exist. The reference signal is symmetrically distributed by
setting b as 90, which is half of the total points. According to the verification of the
experimental simulation, the effective width of the reference signal was 20 when
c2 = 16, which meets the requirements of the cross-correlation processing of the
measured signals.

The measured signal after the preliminary smoothing filter, i.e., the input signal,
was cross-correlated with the Gaussian function reference signal, and the result is
shown in Fig. 5.33. The result indicates that cross-correlation processing can effec-
tively suppress the random noise of an input signal, and is conducive to further
analysis and processing.

The signals, after being cross-correlationally processed, are mainly composed of
background signals, control line signals and test line signals. The signal amplitudes
of the latter two are much larger than those of the background signals. Therefore,

Fig. 5.33 Cross-correlation
processing result of input
signal with reference signal.
Signal after preliminary
smoothing filtering (a).
Gaussian function reference
signal (b). Cross-correlation
processing result (c). (a) and
(c) are reproduced from Xie
et al. (2009), with permission
from the Editorial
Department of Acta
Photonica Sinica
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the adaptive function line boundary orientation algorithm is used in the program; its
flow is shown in Fig. 5.34.

In the positioning algorithm, the counter counts by judging the data difference of
the two adjacent points when searching from the peak position of a control line to
point 1. If the difference is less than the set threshold, the count value is increased
by 1; otherwise, the counter value is reset to 0. When the count value reaches the
set value, the point position is determined as the left boundary of the control line.
The same method is used in searching the right boundary of the control line from the
peak position of the control line to that of the test line. The determination process of
the test line boundary positions is similar.

The ability of the algorithm to automatically position the boundaries of the func-
tion lines is shown in Fig. 5.35. It should be noted that the data used in the adaptive
function line boundary orientation algorithm are the data after cross-correlation pro-
cessing, but the data used to calculate the detection result after removing the noise
are the data after preliminary smoothing. Therefore, the signal processing algorithm
may not affect the accuracy of the ultimate detection result.

3. Calibration

Fig. 5.34 Flow chart of adaptive function line boundary orientation algorithm
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Fig. 5.35 Result of adaptive function line boundary orientation (Xie et al. 2009). Reproduced with
permission from the Editorial Department of Acta Photonica Sinica

First, the detection repeatability (Group 1) and the validity of the function line orien-
tation algorithm (Group 2) of the UPT-3A analyzer were evaluated using a double-
antigen sandwich LF strip added with a 250 ng/ml plague F1 antibody standard
sample (Fig. 5.36). In addition, the LF strip was repeatedly measured with a chang-
ing PMT gain control to evaluate the validity of using ST /SC as the detection result of
the analyzer (Group 3). Each of the above three specifications was evaluated by the
CV value of 10 measurement results. The CV values of the three groups were all less
than 5%, which indicates that the UPT-3A analyzer had good detection repeatability
and reliable performance, and met the requirements of practical applications.

The detection results of a series of 10 plague F1 antibody standard samples with
different concentrations using double-antigen sandwich LF strips and the UPT-3A
analyzer are shown in Table 5.7, and the average of three detection results was taken
as the ultimate result for each LF strip.

Using the linear fitting to the detection results within the concentration range from
0 to 450 ng/ml, the linear equation obtained is Y = 0.00801× X + 0.88856, where X
is the concentration of the sample, and Y is the ST /SC value (Fig. 5.37). r of the fitting
equation is 0.97094, indicating that the response linearity of the UPT biosensor in
the concentration range was good.

A photograph of the developed UPT-3A analyzer is shown in Fig. 5.38.

Fig. 5.36 Evaluation results
of detection reliability of
UPT-3A analyzer
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Table 5.7 Detection results of plague F1 antibody standard samples with different concentrations
using a UPT-3A analyzer

LF strip number Sample concentration
(ng/ml)

ST /SC

First Second Third Average value

1 0 0.39 0.39 0.38 0.387

2 50 1.16 1.19 1.17 1.173

3 100 2.01 1.97 1.92 1.967

4 150 2.52 2.59 2.53 2.547

5 200 2.63 2.58 2.46 2.557

6 250 2.79 2.77 2.78 2.780

7 300 3.70 3.66 3.68 3.680

8 350 3.68 3.65 3.55 3.627

9 400 3.93 3.90 3.93 3.920

10 450 4.42 4.23 4.15 4.267

Fig. 5.37 Detection results
of plague F1 antibody
standard samples with
different concentrations
using UPT-3A analyzer and
fitted response characteristic
curve

Fig. 5.38 UPT-3A analyzer
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5.4.2 Development of Multichannel UPT Immunoassay
Analyzer

The UPT-M analyzer is a multichannel UPT immunoassay analyzer that uses a 10-
channel UPT lateral flow disc (hereafter called a TC-UPT-LF disc) as the detection
object. The analyzer can detect ten target analytes through a single operation of one
sample in two minutes, which greatly improves the detection efficiency.

A photograph of the TC-UPT-LF disc loaded with the LF strips is shown in
Fig. 5.39. The TC-UPT-LF disc is a regular decagon structure consisting of a base
and an upper cover (Hong et al. 2010). TenLF strips are placed into the corresponding
strip-holding channels on the base that are in the directions of the connecting lines
between the center point and the vertexes of the regular decagon. The angle interval
between the adjacent two LF strips is 36°. Each LF strip is composed of a sample
pad, conjugate pad, analytical membrane and absorbent pad wherein a test line and
a control line are disposed on the analytical membrane. Drainage channels, result-
scanning windows and end-index windows are located at positions corresponding
to the LF strips on the upper cover of the TC-UPT-LF disc, and a sample-adding
window is located at the center of the upper cover. A drainage piece overlapping
the sample pad of each LF strip exists between the LF strips and the upper cover to
provide an even flow of added sample to each LF strip.

The UPT-M analyzer consists of a photoelectric measurement system, control
system, algorithm module, mechanical structure and other key units. The working
principle is shown in Fig. 5.40.

Fig. 5.39 TC-UPT-LF disc
loaded with LF strips
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Fig. 5.40 Schematic of
working principle of UPT-M
analyzer

5.4.2.1 Photoelectric Measurement System

The photoelectric measurement system of the UPT-M analyzer adopts an optical
systemwith an off-axis structure. The axis of the light receiving unit is perpendicular
to the TC-UPT-LF disc surface, and has an angle of 45° with the optical axis of the
illumination unit.

5.4.2.2 Control System

The control system hardware of the UPT-M analyzer mainly consists of a PC/104
embedded SBC and a multifunctional data acquisition card. Its main functions
include the control of the translational motion and the rotational motion of the two-
dimensional scanning stage, the acquisition of the voltage signal output from the
photoelectric measurement system and the output of the detection result.

The program flow of the control system is shown in Fig. 5.41. A multi-thread
technique is used, three auxiliary threads are opened outside the main thread. The
main thread captures a user’s real-time input message, and draws the data curve.
Thread 1 outputs the pulse signal and the direction signal to the motor drivers,
acquires the voltage signal, and outputs the data to the main thread. Thread 2 reads
the RFID data, and thread 3 prints the detection results.

5.4.2.3 Algorithm Module

The algorithmmodule includes themotion control algorithm, signal acquisition algo-
rithm and data processing algorithm. The motion control algorithm implements the
translational and rotational motions of the two-dimensional scanning stage, and the
difficulty is to meet the positioning accuracy requirements. The data processing algo-
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Fig. 5.41 Program flow chart of UPT-M analyzer control system

rithm includes the smoothing and denoising of the data curve of a single LF strip,
automatic position searches and signal peak area calculations of the test line and the
control line. The specific content is similar to that of the UPT-2 analyzer.

5.4.2.4 Calibrartion

Three TC-UPT-LF discs were measured 10 times using the UPT-M analyzer, and the
CV values of the detection results of most LF strips were better than 2%, those of
the other individual LF strips were between 3% and 5%. These results indicate that
the analyzer had good detection repeatability and reliable performance.

A photograph of the developed UPT-M analyzer and the user interface are shown
in Figs. 5.42 and 5.43, respectively.

5.4.3 Development of Imaging Detection System for LF Strip

The imaging detection system for the LF strip (hereafter called the imaging detection
system) mainly includes a photoelectric measurement system, a control system con-
sisting of a control circuit and a signal acquisition and processing circuit (Fig. 5.44).

The photoelectric measurement system is composed of a light source, an optical
system consisting of an illumination unit and an an imaging unit and a linear image
sensor. The optical system adopts an off-axis structure. The collimated laser beam
emitted from an LD module with a 980-nm wavelength, i.e., the light source, forms
a uniform light spot which covers the test and control lines on an LF strip through
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Fig. 5.42 UPT-M analyzer

Fig. 5.43 UPT-M1 analyzer user interface

the illumination unit. The distribution of the UCL signal within the measurement
bandwidth generated by the UCP particles in the illumination region is directly
imaged on the linear image sensor through the imaging unit. The control system
drives the linear image sensor, acquires its output signal and performs processing
and analysis, and obtains the detection result (Liu et al. 2007).
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Fig. 5.44 Schematic of working principle of imaging detection system for LF strip. Translated and
modified from Liu et al. (2007)

5.4.3.1 Photoelectric Measurement System

The optical axis of the imaging unit in the optical system is perpendicular to the LF
strip surface and intersects the LF strip at the center of the illumination region. The
optical axis of the illumination unit has an angle of 45° with that of the imaging
unit, and is perpendicular to the length direction along the result-scanning window
(Y-axis direction) of the LF strip.

The output power of the LD module was 800 mW, and the size of the rectangular
cross section of the collimated light beam was about 4 mm × 6 mm. A plano-convex
cylindrical lens with the focal length of 71 mm was used in the illumination unit
for the one-dimensional shaping of the beam. A rectangular light spot about 2.5 mm
× 6 mm was formed on the LF strip surface by adjusting the distance between the
cylindrical lens and the LF strip.

The imaging unit adopting a symmetrical structure consisted of a front lens group,
a filter and a back lens group. The imaging magnification of the imaging unit was −
1×, and the field of view was φ6.4 mm.

An S3924-256Q NMOS linear image sensor (Hamamatsu Photonics KK) was
used behind the imaging unit to receive the one-dimensional distribution image of
the UCL. The photosensitive surface size of the sensor was 2.5 mm × 6.4 mm. The
sensor had a total of 256 pixels, and the width of a single pixel was 25 μm. The
total photosensitive surface could receive the UCL signals of the entire illumination
region on the LF strip, and each pixel corresponds to an area with a width of 25 μm
(Hamamatsu Photonics KK 2014).
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Fig. 5.45 Schematic of
signal readout circuit of
S3924-256Q NMOS linear
image sensor (Hamamatsu
Photonics KK 2014)

In addition, the voltage signals of the S3924-256Q NMOS linear image sensor
can be read out by a simple external circuit (Fig. 5.45).

5.4.3.2 Control System

The control system hardware of the imaging detection systemmainly consists of two
parts: the control circuit and the signal acquisition and processing circuit. It adopts
a dual SCM mode, i.e., a master SCM in the control circuit and a slave SCM in the
signal acquisition and processing circuit.

The signal acquisition and processing circuit mainly drives the NMOS linear
image sensor, acquires the output signal, and stores and processes data. The circuit
is composed of the slave SCM, external RAM, integrated operational amplifier, A/D
converter, NMOS linear image sensor, address flip-latch, external I/O port andRS232
interface (Fig. 5.46).

The measurement process is as followings: (1) The drive pulses are output from
the I/O port of the slave SCM to the image sensor; (2) the output signal from the image
sensor is amplified by the integrated operational amplifier, and quickly acquired and

Fig. 5.46 Block diagram of
signal acquisition and
processing circuit.
Translated and modified
from Liu et al. (2007)
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Fig. 5.47 Block diagram of
control circuit. Translated
and modified from Liu et al.
(2007)

converted by the A/D converter; (3) the DC component contained in the output signal
is filtered out by an adjustable DC voltage at the noninverting input of the differential
amplifier; (4) when the conversion of all the signals is completed, the slave SCM
processes and analyzes the obtained data, calculates the positions of the control line
and test line, sends the corresponding signal amplitudes to the external I/O port, and
waits for the control circuit to receive and process the data.

The control circuit is mainly composed of the master SCM, clock chip, external
RAM, external I/O port and RS232 interface (Fig. 5.47). The control circuit controls
the operation of the detection system and displays the detection results. Dialog boxes
displayed on the LCD monitor prompt users to input parameters and select instruc-
tions with the keyboard. When the user selects the signal acquisition command, the
master SCM sends a signal to the slave SCM in the signal acquisition and processing
circuit, waits for acquisition-complete feedback from the slave SCM, and receives
the results data from the slave SCM through the external I/O port. After the data is
processed by the master SCM, the detection result, detection time, target analyte ID
number and other information is displayed on the monitor and can be printed.

5.4.3.3 Algorithm Module

The flow of the data processing algorithm of the imaging detection system is shown
in Fig. 5.48, and the content is similar to that of the scanning analyzer, including
the smoothing filter, adaptive function line boundary positioning, linear denoising,
summing calculation and so on.
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Fig. 5.48 Flow chart of data processing algorithm. Translated and modified from Liu et al. (2007)

5.4.3.4 System Calibration

The UCL signal distribution curve of a double-antigen sandwich LF strip added
with 10 ng/ml rabbit anti-plague IgG standard sample was measured by the imaging
detection system (Fig. 5.49). It can be seen that the signals within the test line and
the control line in the curve are prominent, but the background noise is relatively
high.
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Fig. 5.49 UCL signal
distribution measured by
imaging detection system on
LF strip

The detection repeatability of the imaging detection systemwas evaluated using a
double-antigen sandwich LF strip of another batch which was added with 10-ng/ml
rabbit anti-plague IgG standard sample (Fig. 5.50). The detection system performed
10 measurements.

The CV value of the ST /SC in the evaluation results was 8.81%, less than 10%,
indicating that the detection repeatability of the imaging detection system was rela-
tively good but not ideal. The reasons can be explained as follows:

(1) The illumination region size of the detection system was relatively large and
the light intensity distribution was uneven. To reach the required power density,
the power of the laser needed was high, and therefore the heat was large, the
performance was unstable.

(2) The spectral responsivity within the measured UCL bandwidth of the NMOS
linear image sensor used in the detection systemwas lower than that of the photo-
electric converter used in the scanning analyzer, while the spectral responsivity
within the wavelength range of the illumination light was high. Therefore, the
detection system was easily disturbed by stray light, and had a low S/N ratio.

Fig. 5.50 Evaluation results
of detection repeatability of
imaging detection system
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Table 5.8 Detection results of rabbit antiplague IgG standard sampleswith different concentrations
using imaging detection system

LF strip number Sample concentration (ng/ml) ST (V) SC (V) ST /SC

1 0 0.05302 0.24074 0.22024

2 2 0.02363 0.09508 0.24857

3 5 0.1024 0.16558 0.31846

4 10 0.06066 0.18055 0.33595

5 20 0.09027 0.1852 0.48745

6 30 0.08547 0.09989 0.85568

7 50 0.08287 0.04679 1.77098

8 60 0.13407 0.05813 2.3063

Translated and modified from Liu et al. (2007)

Fig. 5.51 Detection results
of rabbit anti-plague IgG
standard samples with
different concentrations
using imaging detection
system. Revised from Liu
et al. (2007)

The detection results of a series of rabbit anti-plague IgG standard samples with
different concentrations using the double-antigen sandwichLF strips and the imaging
detection system are shown in Table 5.8 and Fig. 5.51.

The linear fitting is performed to the detection results within the concentration
range. The correlation coefficient r is 0.97599. It can be seen that the imaging
detection system had a good response linearity within the concentration range of
0–60 ng/ml and was able to perform quantitative detection.

5.5 Conclusions

The UPT biosensor is an immunochromatographic optical biosensor using UCP
particles as the label, and usually consists of a UPT LF strip and a UPT immunoassay
analyzer. By measuring the UCL signal distribution of UCP particles on the UPT LF
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strip, the analyzer obtains the target analyte concentration of the sample on the basis
of the response characteristic curve.

In this chapter, the basic concepts of the UPT biosensor were introduced. The
working principle of the UPT immunoassay analyzer and the design methods of
the four key units, including the photoelectric measurement system, control sys-
tem, algorithm module and mechanical structure, and the calibration technique were
discussed. Finally, the analyzer engineering was presented in detail.

The detection limit of the series of UPT biosensors that we developed for the
plague F1 antigen reaches the level of ng/ml and even sub ng/ml. For the UPT-3A
analyzer, the correlation coefficient r of the linear fitting equation in the concentration
range from 0 to 450 ng/ml reached 0.97094.

We completed the development of the principle prototype, the small volume
production instrument and the product. These instruments have been successfully
applied in the on-site detection of plague in plague foci, rapid on-site detection of
anti-bioterrorism at the frontier port, major activity security and clinical diagnosis.

The achievements of research, development and application of the UPT biosens-
ing technology have promoted the development and the integral level improvement
of the point-of-care testing (POCT) technology, pioneered the independent research
and development of the POCT detection technology and products, and provided a
demonstration effect on the development of the innovative POCT detection technol-
ogy in China.
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Chapter 6
Industrialization of Up-Converting
Phosphor Diagnostic Products

Changqing Lin

Abstract The key steps in UPT technology industrialization include the combina-
tion ofUPT technology and immunochromatography, the efficient binding ofUCNPs
and biomolecules, the uniformity of coated PVC sheets, the scale-up of UCNPs par-
ticle preparation, and large-scale production of UPT biosensors. In the field of UPT
diagnostic production, 26medical device registration certificates have been approved
by the China Food and Drug Administration. The products are widely applied in dis-
ease prevention, clinical emergency treatment and first aid, and military and public
security.

Keywords Industrialization ·Medical device registration certificates · Large-scale
production ·Market demand · Point-of-care testing
Industrialization of immunochromatographic diagnostic reagents based on up-
converting phosphor technology (UPT) depends on a number of factors, including;
the large-scale preparation and chemical modification of rare earth nanoparticles
with up-conversion luminescence properties (up-converting phosphor nanoparticles,
UCNPs); the efficiency of the combination of the UCNPs and chosen biomaterials
(antibodies and antigens); overcoming the agglomeration of nanomaterials in large-
scale production; the large-scale stability and reliable production of test strips; and
the large-scale production of UPT biosensors. China’s extensive market for diagnos-
tic reagents and the growing healthcare needs of the general population, are important
supports for the industrialization of this technology.
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6.1 Market Demand for Point-of-Care Testing Dictates
the Industrialization of UPT Immunochromatographic
Diagnostic Reagents

6.1.1 Status of Point-of-Care Testing

Point-of-care testing (POCT) is the rapid detection of unknown organ-
isms, biomarkers or environmental contaminants using portable instruments
or reagents, providing basic data to hazard prevention departments and clin-
icians. POCT is primarily used in high pathogenicity microorganism emer-
gencies, food poisoning emergencies, clinical emergency treatment and first
aid, and diagnosis at the bedside. It provides technological support for dis-
ease prevention and control departments; military and public security depart-
ments; food safety and drug abuse detection departments; hospitals; and
quarantine departments for epidemic prevention after natural disasters such as earth-
quakes, floods, and cement streams. POCT is a high-tech integration of optical elec-
tromechanical instruments, new materials, biotechnology, and information science.

Currently, the leading POCT products are characterized by quantitative detection.
The fourth generation of POCT products will be characterized by automation and
informationization (Melo et al. 2011). In 1995, the National Committee for Clini-
cal Laboratory Standards (NCCLS) of the USA published the AST2-P document,
marking the beginning of the standardized management of in vitro diagnostic (IVD)
tests. POCT is the fastest-growing segment of the global IVD market, with a market
capitalization of billions of dollars (Melo et al. 2011). The automatic POCT instru-
ment for detection of cardiac markers made by theMitsubishi Corporation (Japan), a
fourth-generation POCT instrument, has been on themarket since 2011 and has taken
the lead in the Chinese market. The majority of the manufacturing sites for low-end
products based on colloidal gold immunochromatography—mainly early pregnancy
test strips—are in China and India. The added value of the products is very low, and
the number of production enterprises is in the hundreds. In China, the production
value of colloidal gold immunochromatography reagents is only ~1 billion yuan, and
the market is no longer growing. In 2011, the National High Technology Research
and Development Program of China began to support enterprises for research into
POCTclinical application and industrialization.Aspart of the “11thFive-YearPlanof
China,” The National Science and Technology Major Project began providing funds
for the study of infectious disease diagnosis; however, it was not until 2012 that emer-
gency management and POCT were officially listed in the “12th Five-Year Plan” for
the medical device technology industry. UPT immunochromatographic diagnostic
systems have been developed through the collaboration of Beijing Institute ofMicro-
biology and Epidemiology (Beijing, China), Shanghai Kerune Phosphor Technology
Co., Ltd. (Shanghai, China), Shanghai Institute of Optics and Fine Mechanics of the
ChineseAcademyof Sciences (Shanghai, China), andBeijingHotgenBiotechnology
Co., Ltd. (Beijing, China). The current UPT diagnostic system is the third-generation
POCT products, subsequent development of handheld intelligent UPT instruments
will allow China to fall into line with international advancements.
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6.1.2 Market Demand for POCT

6.1.2.1 Application of POCT in Disease Prevention

The POCT detection method is critical for the control of various infectious diseases,
such as human immunodeficiency virus (HIV) (Fonjungo et al. 2016), Ebola virus
(Kost 2018), Plasmodium (Keitel et al. 2017), and syphilis (Young et al. 2018). After
the Haiti earthquake in 2010, cholera was epidemic for a long period of time owing to
outdated detection technology and ineffective anti-epidemic measures; resulting in
the deaths of thousands of people. During the Olympic Games in 2008, the Ministry
of Health of China issued a report detailing an emergency laboratory detection plan
for highly pathogenic microorganisms for the 100 days of the Olympic Games,
and prepared a variety of emergency response plans related to highly pathogenic
microorganisms (such as Y. pestis, B. anthracis, Brucella spp., Salmonella typhi,
and Vibrio Cholerae), effectively guaranteeing the biosecurity of China during the
Olympic Games.

6.1.2.2 Application of POCT in Clinical Emergency Treatment
and First Aid

Clinical POCT is leading a major revolution in laboratory medicine. It is rapid,
convenient, efficient, low-cost, uses small samples, and does not require professional
operation. The reliable results can be directly and quickly obtained without complex
specimen pretreatment, numerous pieces of cumbersome testing equipment, or data
processing. In addition, its reagents are stable, easy to store and transport, and can be
widely used in emergency rooms, clinical laboratories, community primary hospitals,
and in the home. A series of POCT products for heart disease (such as myocardial
infarction and acute heart failure) have been widely used in clinical practice. The
2010 bulletin of the leading POCT company, BIOSITE (USA), pointed out that their
products are primarily focused toward the clinical diagnosis of cardiovascular and
cerebrovascular diseases and drug abuse. New POCT products for the prevention of
poor health in the communitymakeup an emergingfieldwith a broadpotentialmarket
(He et al. 2018), while precision medicine will also promote the rapid development
of POCT in the future (Ford Carleton et al. 2016).

6.1.2.3 Application of POCT in the Military and Public Security

The anthrax spore attack that followed the September 11th (9.11) terrorist incidents
in the United States, generated a high degree of panic, causing the US government
to make biological terrorism incidents a high priority and to formulate three anti-
bioterrorism plans. After the 9.11 incidents, the Chinese Ministry of Science and
Technology also launched a special project for rapid pathogen detection and identifi-
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cation (50million yuan). Since 2006, theMinistry of Science and Technology and the
Ministry of Public Security have jointly launched a new anti-bioterrorism research
project. From 2009, the major Chinese National Science and Technology Programs
for infectious disease also supported research on biological rapid detection and iden-
tification. In 2011, the implementation program for the fire department introduced
devices related to biological emergency testing to enhance their capabilities.

6.2 The Key Steps in UPT Technology Industrialization

6.2.1 Step One: The Combination of UPT Technology
and Immunochromatography

UPT technology combines up-converting phosphor nanoparticles (UCNPs) with a
variety of bioactive molecules, and then uses miniaturized optoelectronic materi-
als to develop sensitive, fast, and easy-to-use biosensors, which can be applied for
biomedical detection. Currently, the UPT instrument developed by the US Depart-
ment of Defense is used for biological anti-terrorism to quantitatively detect Y. pestis
and B. anthracis spores, while that developed by OraSure Technologies (USA) is
used to detect antibodies against HIV and for quantitative detection of drug abuse.
Beijing Institute ofMicrobiology andEpidemiology,China’s domestic research insti-
tute, has been active in this field since 2000. They have successfully developed UPT
technology-based immunochromatographic reagents for detection of pathogens such
asY. pestis,B. anthracis spores, andE. coliO157, among others.More than 40 patents
have been authorized and 20 related papers have been published, while test kits have
been produced by Beijing Hotgen Biotechnology Co., Ltd. for industrialization.

6.2.2 Step Two: The Efficient Binding of UCNPs
and Biomolecules

The coupling of nanoparticles and biomolecules is conventionally through physi-
cal adsorption (colloidal gold) and chemical coupling (latex or fluorescent parti-
cles); however, UCNPs of rare earth materials are difficult to effectively label with
biomolecules using conventional couplingmethods. Experiments have shown that the
efficiency of combiningUCNPswith biomolecules has been improved by 100–700%
± 30%, while the detection sensitivity now reaches the pg level with excellent speci-
ficity. The yield of a single batch can be used for the fabrication of more than 24,000
strips, realizing high-efficiency coupling of UCNPs particles and biomolecules and
large-scale preparation of UCNPs-biomolecule complexes.
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6.2.3 Step Three: The Uniformity of Coated PVC Sheets

After the PVC support is coated, it is dried in a uniform environment to ensure a
consistent performance between the test strips. The amount of PVC sheet coated
is limited by the use of a conventional drying oven. A drying system was there-
fore established to expand the scale of a single batch to more than 70,000 strips,
demonstrating successful scale-up of coated PVC support production.

6.2.4 Step Four: The Scale-Up of UCNPs Particle
Preparation

The amount of particles in one batch prepared in a conventional laboratory can
be in the hundreds of milligrams range, but rarely exceeds 1 g. Through process
optimization, the UCNPs particle output of a single batch can be increased to several
tens of grams, which provides a solid foundation for the industrialization of UPT
kits.

6.2.5 Step Five: Large-Scale Production of UPT Biosensors

The large-scale production ofUPTbiosensors plays an important role in guaranteeing
quantitative detection. The UPT biosensor production line was developed by opti-
mizing the analysis software, the optical path of the sensor, and the noise reduction
in the quantitative analysis.

6.3 Social and Economic Benefits of Industrialization
of UPT Diagnostic Production

6.3.1 Products that Have Obtained the Medical Device
Registration Certificate and CE Certification
from the China Food and Drug Administration

In the field of UPT diagnostic production, 26 medical device registration certifi-
cates—including 23 medical device registration certificates for UPT detection kits
and three for UPT biosensors—have been approved by the China Food and Drug
Administration (Table 6.1).
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Table 6.1 Registration certificates for UPT-related medical devices approved by the China Food
and Drug Administration

No. Production

1 UPT detection kit for C reaction protein (CRP)

2 UPT detection kit for collagen type IV (CIV)

3 UPT detection kit for laminin (LN)

4 UPT detection kit for hyaluronic acid (HA)

5 UPT detection kit for amino terminal peptide of procollagen type III (PIIINP)

6 UPT detection kit for serum tissue inhibitor of metalloproteinase-1 (TIMP-1)

7 UPT detection kit for myocardium troponin I (cTnI)

8 UPT detection kit for N-terminal fragment of B-type natriuretic peptide precursor
(NT-proBNP)

9 UPT detection kit for fetal fibronectin (fFN)

10 UPT detection kit for alpha-fetoprotein (AFP)

11 UPT detection kit for golgin 73 (GP73)

12 UPT detection kit for procalcitonin

13 UPT detection kit for heart-type fatty acid-binding protein

14 UPT detection kit for D-dimer

15 UPT detection kit for human plasma lipoprotein-associated phospholipase A2 (Lp-PLA2)

16 UPT detection kit for neutrophil gelatinase-associated lipocalin

17 UPT detection kit for interleukin 6

18 UPT detection kit for antibodies against cyclic citrullinated peptide

19 UPT detection kit for myoglobin (MYO)

20 UPT detection kit for creatine kinase isoenzyme (CK-MB)

21 UPT detection kit for ketamine

22 UPT detection kit for morphine

23 UPT detection kit for methamphetamine

24 UPT biosensor

6.3.2 Social Benefits of UPT Diagnostic Products

Since the successful industrialization of UPT diagnostic reagents in 2011 (Yang et al.
2017), they have been successfully applied in more than 2000 hospitals in China,
including Grade-A tertiary hospitals, regional second-class hospitals, community
health service stations, and township health centers, among others. The products
are widely used in national, provincial, and municipal Centers for Disease Control
and Prevention in China. The detection reagents for biological warfare agents and
infectious pathogens have been deployed at more than 70 entry–exit inspection and
quarantine ports in China. Detection reagents for mycotoxins have also been widely
used in large-scale fodder enterprises in China.
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Currently, the cumulative production value of UPT diagnostic reagents is 330
million yuan, with a total tax payment of more than 23 million yuan, and the industry
has 200 employees. As an advanced manufacturer of detection reagents for medical
and public safety, Beijing Hotgen Biotechnology Co., Ltd. has made significant
contributions to the industrialization of UPT diagnostic production.
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Chapter 7
Application of UPT-POCT in Emergency
Medicine

Yanzhao Li, Ruifeng Xiao and Yong Zhao

Abstract UPT-POCT technology is a representative technology platform for pre-
cision quantitative POCT detection and diagnosis. It has multiple advantages such
as high sensitivity, high precision, convenience, and easy operation, making UPT-
POCT test an excellent diagnostic tool for emergency diseases, such as cardiovascular
circulatory diseases, embolic diseases and infectious diseases. This chapter will dis-
cuss the advantages and applications of the UPT-POCT technology in emergency
medicine.

Keywords UPT-POCT · Emergency diagnosis · Circulatory system diseases ·
Blood embolism · Infectious diseases

7.1 Emergency Medicine

The clinical emergency department is often faced with severe and acute diseases,
such as cardiovascular and cerebrovascular diseases, embolic diseases and acute
infectious diseases. Once the treatment is not timely, the patient’s health will be
seriously damaged.The clinicianmakes timely diagnosis and treatment for the patient
mainly according to the patient’s vital signs, medical history, externalmanifestations,
and corresponding medical tests. Emergency medicine requires quick and accurate
clinical test results in the shortest possible time, thus providing clinicians with timely
and reliable information for the diagnosis and treatment. Therefore, diagnostics with
high performances (efficiency, convenience, speed and accuracy) are particularly
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important for the emergency medical. At present, there are two major development
directions for emergency diagnosis research.

One direction is using large, automated and streamlined operating equipments
to realize high-throughput, pipeline-based clinical testing; and make full use of the
medical laboratory’s information management system (such as the LIS system) for
data transmission and diagnostic analysis. This model can greatly improve the accu-
racy and precision of clinical tests, however, it is highly dependent on the central
laboratory, and it is not suitable for bedside diagnosis in emergency conditions.

Another important development direction of emergency laboratory medicine is
poin-of-care testing (POCT), which can be carried out outside the laboratory and
close to the patients, using portable and movable instruments and kits, and can report
the test results quickly and timely. And it is not limited by the testing site and testing
time of the central laboratory, do not require professionally trained personnel, which
can better meet the needs of emergency medical (Di Serio et al. 2005).

With the development of biological sciences, laboratory medicine, immunol-
ogy and new technology, POCT techniques and products have developed into three
stages, the first stage (qualitative testing via color change), the second stage (semi-
quantitative testing via grayscale detection) and the third stage (accurate quantitative
testing via optical detection). The emergence of precision quantitative testing tech-
nique has greatly improved the sensitivity and accuracy of POCT detections, making
POCT technique an indispensable tool for emergency medical diagnosis and treat-
ment (Aachmann-Andersen et al. 2012; Di Serio et al. 2003; Zydron et al. 2011).

7.2 Emergency Diagnosis

7.2.1 Emergency Diagnosis of Circulatory System Diseases

Circulatory system diseases in the emergency department are mostly acute coronary
syndrome (ACS) and acute myocardial infarction (AMI). The role of myocardial
biomarker detection in the diagnosis of ACS and AMI has been repeatedly empha-
sized in relevant guidelines published by the College of Cardiology in the United
States, Europe, and China. Among the biomarkers, troponin I (cTnI), troponin T
(cTnT) and creatine kinase isoenzyme (CK-MB) are important serological diagnos-
tic biomarkers for myocardial injury (Kehl et al. 2012); myoglobin (MYO) is an
important serological biomarker for early diagnosis of AMI. In addition, cardiac
fatty acid binding protein (H-FABP) (Tanaka 2006), N-terminal B-type natriuretic
peptide precursor (NT-proBNP) (Januzzi et al. 2006), and human plasma lipoprotein
phospholipase A2 (PLA2) (Macphee et al. 2005) are also effective biomarkers for
early diagnosis of cardiovascular circulatory diseases.

The rapid and accurate detection of these cardiovascular disease serological
biomarkers is very important for early identification of ACS and AMI. It was sug-
gested that clinical samples of myocardial injury biomarkers should be tested imme-
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diately after sample collection, and the turnaround time of the test should be less than
1 h. It is also recommended that clinicians, physicians, nurses, as well as laboratory
physician should be familiar with the use of POCT instruments and products.

7.2.2 Emergency Diagnosis of Blood Embolism Diseases

Blood embolism is a disease caused by thrombosis in blood vessels. It has a high
incidence rate and ranks first in the global total disease mortality rate, and the inci-
dence rate is increasing year by year. Thromboembolic diseases mainly involve the
brain, heart, lungs, and peripheral vascular system, which seriously threaten human
life and health. How to reduce morbidity and mortality of thromboembolic diseases
is one of the focus and hotspots of modern emergency medical research.

A large number of studies have found that D-dimer in plasma is a specific indicator
of the response to fibrinolytic function (Wells et al. 2004). D-dimer is a degradation
product of fibrin after cross-linking with activated factor XIII and then by plasmin.
Therefore, D-dimer will increase as long as there is activated thrombus formation or
fibrinolysis in the blood vessels. D-dimer is recognized as one of the biomarkers of
fibrinolytic response. It is recommended as a diagnostic biomarker for emergency
pulmonary embolism and venous thrombosis.

7.2.3 Emergency Diagnosis of Infectious Diseases

Infectious diseases are bacterial or viral infections that usually occur in people with
impaired autoimmune function or decreased resistance. Most infectious diseases
can be cured as soon as possible if the diagnosis is timely and the intervention is
appropriate. If it is not diagnosed and treated in time, it will develop to be serious
life-threatening, especially for infants and elderly patients.

At present, commonly used infectious disease biomarkers include procalcitonin
(PCT), C-reactive protein (CRP), interleukin 6 (IL-6), serum amyloid A (SAA) and
the like (Goulart et al. 2010). Individual detection or combined detection of the
biomarkers can effectively and early identify the infectious diseases.

7.3 UPT-POCT Advantages in Emergency Diagnosis

UPT-POCT technology is a representative POCT platform for quantitative detections
and diagnosis. It has the advantages of high detection sensitivity, easy operation and
rapid detection speed. These advantages make UPT-POCT an excellent diagnostic
tool in emergency medical. After years of development, UPT-POCT technology
has been successfully applied to the rapid diagnosis of cardiovascular circulatory
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diseases, embolic diseases and infectious diseases. The application of UPT-POCT
technology to emergency testing has the following advantages:

(1) Fast detection speed

The UPT-POCT test method can obtain quantitative test results in just 15 min, which
can provide clinicians with timely and reliable diagnosis and treatment basis.

(2) Comprehensive testing items

There are a variety of UPT-POCT diagnostic kits for cardiovascular diseases, throm-
botic diseases and acute infections, including cTnI, CK-MB, MYO, NT-proBNP,
H-FABP, Lp-PLA2, D-dimer, CRP, IL-6, and SAA.

(3) Applicable to various clinical samples

The UPT-POCT test kit is suitable for human serum, plasma and whole blood sam-
ples, requiring only 50–100 µl sample.

(4) Simple detection methods and equipment

Detection methods of the UPT-POCT diagnostic kits for different items are basically
the same. Users only need to master one set of processing procedures to complete
various detections. The basic operation steps are described as follows:

• Place the test card on a flat surface;
• Take 100 µl of the sample into the card;
• Reaction at room temperature for 15 min;
• Insert the test card into the biosensor for quantitative test results.

(5) Transmittable test results

It is available to directly transmit the test results to the laboratory information system,
in order to meet the requirements of emergency medicine management.

7.4 Application of UPT-POCT in Emergency Medicine

After years of development, there have been a variety of UPT-POCT test kits for
clinical diagnosis of cardiovascular diseases, thrombotic diseases and acute infec-
tions, including test kits for cTnI, CK-MB, MYO, NT-proBNP, H-FABP, Lp-PLA2,
D-dimer, PCT, CRP, and IL-6 etc. These kits have been certificated and approved by
theChina Food andDrugAdministration (CFDA) and have been successfully applied
to emergency medicine in clinical hospitals with well performances (Table 7.1).

As a new type of POCT technology, UPT-POCT technology is portable, fast and
easy to use. Compared with the common large-scale instrument detection method
(magnetic particle chemiluminescence method), the test results of the above car-
diovascular disease diagnostic biomarkers, blood embolic diseases and infection
biomarkers showed no significant difference, through a large number of clinical
sample evaluation experiments.
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Table 7.1 UPT-POCT kits
for emergency medicine

No. Test item Limit of detection Quantification
range

1 cTnI 0.1 ng/ml 0.1–40 ng/ml

2 CK-MB 2 ng/ml 2–500 ng/ml

3 MYO 5 ng/ml 5–1000 ng/ml

4 H-FABP 1 ng/ml 2–100 ng/ml

5 NT-proBNP 5 pg/ml 5–35000 pg/ml

6 Lp-PLA2 5 ng/ml 5–800 ng/ml

7 D-dimer 25 ng/ml 50–2500 ng/ml

8 PCT 0.02 ng/ml 0.02–50 ng/ml

9 CRP 0.5 ng/ml 0.5–150 ng/ml

10 IL-6 4 pg/ml 4–4000 pg/ml

7.5 Summary

In summery, UPT-POCT is a representative technology platform of the quantitative
detection techniques. It has multiple advantages such as high sensitivity, high pre-
cision, convenience, and easy operation, making UPT-POCT an indispensable part
of emergency medicine. With the further development of UPT-POCT technology, it
will be able to rapidly promote the application of POCT in the emergency department
and better support the emergency medicine.
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Chapter 8
Application of UPT-POCT in Internal
Medicine

Yanzhao Li, Honggang Zhang and Yong Zhao

Abstract The high medical cost, the trend of individualized medical care and the
huge demand for rapid diagnosis are the main factors driving the rapid development
of UPT-POCT technology in the field of internal medicine. UPT-POCT technology,
as an early diagnostic tool with high sensitivity and convenience, can not only serve
as an important supplement to the central laboratory, but also play an important role in
primary clinical institutions. This chapter will discuss the application of UPT-POCT
technology in internal medicine diseases, including liver diseases, cardiovascular
diseases and endocrine-related diseases.

Keywords UPT-POCT · Liver disease · Cardiovascular disease · Endocrine
disease

8.1 Internal Medicine

As a comprehensive clinical discipline, internal medicine mainly studies diseases
with systemic, complex, and chronic characteristics, such as liver related diseases,
cardiovascular and cerebrovascular diseases and endocrine related diseases. In cur-
rent clinical practice, clinicians need to obtain information on all aspects of the
patient, including the medical history, symptoms, medical imaging examination, and
test results from the central laboratory. For diseases that require long-term treatment,
clinicians need to continuously monitor changes in the condition to identify disease
progression and determine the best treatment.
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With the implementation and promotion of the grading diagnosis and treatment
system in China, primary care clinics are facing tremendous pressure and challenges.
UPT-POCT technology, as a representative third-generation POCT technology, can
not only serve as an important supplement to the central laboratory, but also play an
important role in primary clinics (Turner et al. 2016). In addition, the high medical
cost, the trend of individualized medical care and the huge demand for rapid diag-
nosis are the main factors driving the rapid application of UPT-POCT technology in
primary clinics.

8.2 The Application of UPT-POCT in Liver Diseases

There are about 100 million hepatitis patients in China, including more than 30
million people at high risk of liver cancer. More than two-thirds of patients of liver
cancer are found in terminal stage, partly because the incubation period of liver cancer
is longer and the symptoms are not obvious, at present. Therefore, early screening
and diagnosis of liver fibrosis and cirrhosis is important for early identification of
liver cancer and reduction of the incidence.

In clinical practice, liver biopsy has been used as the “gold standard” for the
diagnosis of liver diseases (Pattullo et al. 2007). However, liver biopsy is traumatic,
causing great pain to patients, and it is difficult to perform multiple tests in a short
period of time (Grant and Neuberger 1999). Therefore, it can not be widely used as a
routine screening method for liver fibrosis and cirrhosis. In the clinical diagnosis and
treatment of liver diseases, finding a more efficient and convenient detection method
that can replace liver biopsy has been a research hotspot.

Based on the currently known serological diagnostic biomarkers for liver fibrosis
(Sebastiani 2012; Cequera 2014), five UPT-POCT assay kits for liver fibrosis have
been successfully developed, including serum hyaluronic acid (HA) and laminin
(LN), type IV collagen (CIV), type III procollagen amino terminal peptide (PIIINP)
and serum tissue inhibitor of metalloproteinase-1 (TIMP-1) assay kit. These kits
enable the early screening and diagnosis of liver fibrosis and cirrhosis in high-risk
populations of liver cancer, effectively avoiding the shortcomings of liver biopsy.
In addition, a large number of studies have shown that Golgi protein 73 (GP73) is
a very sensitive biomarker of liver inflammation and liver fibrosis (Gu et al. 2009;
Tian et al. 2011). The first GP73 assay kit was successfully developed based on the
UPT-POCT technology, which can further demonstrate the clinical value of GP73 in
the diagnosis of liver diseases.

For end-stage liver cancer,UPT-POCTkits for alpha-fetoprotein (AFP) and abnor-
mal prothrombin (DCP) have been successfully developed, which can be used for
dynamic monitoring of patients with confirmed liver cancer.

The above-mentioned UPT-POCT assay kits, including GP73, HA, LN, CIV,
PIIINP, TIMP-1, AFP and DCP assay kits, have been approved by the China Food
and Drug Administration (CFDA) and widely applied in the clinical diagnosis and
treatment.
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8.3 The Application of UPT-POCT in Circulatory System
Diseases

Cardiovascular and cerebral circulatory diseases usually develop rapidly if they are
not recognized timely in the early stage. A variety of UPT-POCT detection kits have
been developed for the serological biomarkers of cardiovascular and cerebrovascular
diseases, including troponin I (cTnI), troponin T (cTnT), and creatine kinase isoen-
zyme (CK-MB),myoglobin (MYO), cardiac fatty acid binding protein (H-FABP), N-
terminal B-type natriuretic peptide precursor (NT-proBNP), human plasma lipopro-
tein phospholipase A2 (PLA2), and D-dimer etc. These kits can be used for early
diagnosis and identification of cardiovascular and cerebrovascular diseases.

8.4 The Application of UPT-POCT in Endocrine System
Diseases

Endocrine system diseases generally refer to the diseases caused by endocrine disor-
ders. Among them, female polycystic ovary syndrome (PCOS) is the most common
endocrine disorder disease in women of childbearing age, which can cause anovula-
tory infertility and seriously endangerwomen’s physical andmental health (Durlinger
2002; Goodarzi et al. 2011).

Abnormal anti-Mullerian hormone (AMH) is considered to be the most sta-
ble and accurate serological biomarker for the PCOS (van Rooij et al. 2005). At
present, the methods for detecting AMH levels in blood mainly include enzyme-
linked immunosorbent assay (ELISA), chemiluminescence assay (CLIA) and UPT-
POCT assay. Though the performance of UPT-POCT assay is slightly lower than
that of the CLIA, it could better meet the needs of clinical diagnosis because it is
more rapid, convenient, easy to operate, and do not require large-scale detection
equipment. The main parameters of the UPT-POCT assay kit and the CLIA-based
assay kit are shown in Table 8.1.

Table 8.1 Comparisons between UPT-POCT kit and CLIA kit for AMH detection

Main parameters UPT-POCT assay kit CLIA-based assay kit

Limit of detection 0.15 ng/ml 0.05 ng/ml

Quantification range 0.15–16 ng/ml 0.05–23 ng/ml

Precision ≤15% ≤15%

Specificity No cross-reaction with high
concentrations of bilirubin,
hemoglobin, triglyceride, inhibin
A, activin A, luteinizing hormone,
and follicle stimulating hormone

No cross-reaction with high
concentrations of bilirubin,
hemoglobin, triglyceride, inhibin
A, activin A, luteinizing hormone,
and follicle stimulating hormone

Device requirement Small portable instrument Large instrument
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In addition, UPT-POCT can also be applied to the rapid diagnosis of other internal
diseases such as rheumatoid, kidney injury, and premature birth prediction. For exam-
ple, the anti-cyclic citrullinated peptide antibody (anti-CCO) assay kit for rheumatoid
detection, the neutrophil gelatinase-associated lipocalin (NGAL) assay kit for renal
injury detection, the fetal fibronectin (fFN) assay kits for preterm birth prediction,
etc. These kits have all been approved by the CFSA and were successfully applied
in clinical applications.

In short, UPT-POCT technology, as an early diagnostic tool with high sensitivity
and convenience, is an important supplement to the central laboratory, providing
efficient and accurate support for medical examination, diagnosis, intervention, and
prognosis of internal diseases. And, it is easy to promote and apply the UPT-POCT
technology in primary medical institutions, greatly helping to improve the level of
primary medical care.
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Chapter 9
Application of UPT-POCT
in Combat-Related Traumatic Infection

Yanzhao Li, Ruifeng Xiao and Yong Zhao

Abstract Traumatic infection is a common disease for military man or the wounded
civilians. If not timely treated, it could cause serious secondary sepsis and other com-
plications. In order to achieve rapid diagnosis and treatment of traumatic infections,
it calls for small portable devices, rapid diagnostic kits, and effective solution that can
be used in the battlefield or other complex field. This chapter will mainly introduce
the UPT-POCT based-portable biosensors and diagnostic kits, and their applications
in combat-related traumatic infection.

Keywords Traumatic infection · Sepsis · UPT-POCT assay · Biosensor

9.1 Introduction

Traumatic infection is a common disease in the battlefield environment. If it is not
treated in time, it can cause sepsis, septic shock, multiple organ dysfunction syn-
drome (MODS), and even death (Tribble et al. 2011). In addition, the battlefield
environment is complex, such as a large area, urgent treatment time, and other uncer-
tainty factors. In this special environment, rapid diagnosis and treatment is essential
to improve the treatment of traumatic infection and secondary sepsis. In addition,
in non-military operations, such as earthquakes, floods, fires, explosions, and acci-
dental traffic accidents, the rapid and accurate diagnosis of traumatic infections and
secondary sepsis is also important for the wounded.
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In recent years, many country militaries have attached great importance to early-
stage emergency treatment research, in order to enable casualties of light or moderate
disease to quickly recover their combat capabilities (O’Brien et al. 2008). For this
purpose, militarymedical treatment shouldmeet the requirements of rapid treatment,
easy delivery and convenient operation, which puts higher requirements on the POCT
technology.

9.2 The Diagnostics of Combat-Related Traumatic
Infection

The traditional clinical diagnosis of traumatic infection and secondary sepsis relies
mainly onmicroscopic examination andmicrobial culture. Microscopic examination
can be used for pathogenic bacteria with obvious characteristics in morphology and
staining. The culture method usually takes 48–72 h (Xafranski et al. 2013), which
often delays the diagnosis and treatment and even leads to the death of patients
with sepsis. The current biochemical method using large-scale equipment cannot
meet the complex environment in the battlefield. Therefore, small portable devices
and diagnostic reagents that can adapt to the battlefield environment have become
research hotspots.

9.3 The Application of UPT-POCT in Combat-Related
Traumatic Infection

At present, portable UPT-POCT biosensors and a variety of diagnostic kits have been
successfully developed, including procalcitonin (PCT) assay kits, interleukin-6 (IL-
6) assay kits, and C-reactive protein (CRP) assay kits. These products provide a fast
and effective solution for the early diagnosis of traumatic infection and secondary
sepsis.

9.3.1 Portable UPT-POCT Biosensor

There are twomain types ofUPTbiosensor, one is the desktopUPT-3Abiosensor that
can be used clinically, and the other is the handheld mini-UPT biosensor. Both can
be used for trauma infection diagnosis and treatment in the battlefield environment
(Fig. 9.1). TheUPT-3A biosensor can be carried out in the vehicle or in the temporary
field hospital. The handheld mini-UPT biosensor has a smaller size and weight,
equipped with a battery that can stand for at least 4 h, which is especially suitable
for the early detection of traumatic infection in the wild.
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Fig. 9.1 The UPT-3A biosensor (a) and the handheld mini-UPT biosensor (b)

The UPT-3A biosensor and the mini-UPT biosensor have the same detection
performances; both are easy to operate and perform well. The matching PCT, IL-
6 and CRP test kits can be carried or stored in a portable transport case, which
is convenient for hygienists to conduct timely diagnosis and treatment of trauma
patients.

9.3.2 UPT-POCT Diagnostic Kits for Combat-Related
Traumatic Infection and Sepsis

UPT-POCT technology has great advantages in the detection of traumatic infection
and sepsis. (1) Fast detection, high sensitivity, and accurate quantification. (2) High
specificity, strong anti-interference ability and strong stability. (3) It can directly
detect samples of different types, including soil, powder, animal organs and body
fluid samples (Zhang et al. 2014; Li et al. 2009). (4) It is easy to operate and does
not require complicated instruments, suitable for the field detections. (5) It can be
carried by person or applied in a vehicle or a tent hospital.

At present, PCT, IL-6 and CRP detection kits based on UPT-POCT technology
platform have been successfully developed and widely applied in clinical practice.
The main parameters are shown in Table 9.1.

Numerous studies have shown that it is not reliable enough to diagnose a disease
by the change of one biomarker. The diagnosis should be made by combining the
patient’s clinical manifestations and the test results of multiple infectious indicators,
which can provide clinicians with more accurate diagnostic information. The serum
biomarkers of IL-6, PCT and CRP can be combined for the diagnosis of infection
and sepsis (Plesko et al. 2016; Gao et al. 2017). Among them, the IL-6 level in
serum is elevated before the appearance of obvious symptoms of sepsis, which is an
early indicator of sepsis (Damas et al. 1992). The concentration peak of serum PCT
peak appears after 24 h of sepsis, and it has a longer half-life, which is a specific
diagnostic indicator of infectious sepsis (Azevedo et al. 2012). CRP can be non-
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Table 9.1 Main parameters of UPT-POCT detection kits for PCT, IL-6 and CRP

Main parameters PCT IL-6 CRP

Principle Double-antibody-sandwich based immunochromatography

Sample type Whole blood, serum, plasma

Sample volume 100 µl 100 µl 5-10 µl

Detection time 15–20 min 15–20 min; 3 min

Quantitative range 0.02–50 ng/ml 4–4000 pg/ml 0.5–150 ng/ml

Precision ≤15% ≤15% ≤15%

Specificity No cross-reactivity with high concentrations of bilirubin and HAS

Application Diagnostic indicators of bacterial infection and sepsis

specifically elevated and can be used as an auxiliary diagnostic indicator for infection
(Su et al. 2013). The combination of the three indicators can be used for continuous
and dynamic monitoring of high-risk populations of sepsis, with important value for
early detection and treatment of sepsis.

In summary, UPT-POCT technology can achieve timely and efficient diagnosis of
traumatic infection and secondary sepsis, which is of great significance for improving
the cure rate of traumatic infection and reducing the military combat loss caused by
sepsis. With the further development and improvement of UPT technology, it will
play a more important role in military medicine.
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Chapter 10
Application of UPT-POCT in Medical
Relief for Disasters

Yanzhao Li, Miao Jia and Pingping Zhang

Abstract A variety of disasters with high frequency occur around the world. Short-
age of equipment and professional, as well as interruptions of power and communica-
tion may occur for the disaster scene. Personnel who performs inspections may also
in charge of hemospasia, blood transfusion, and equipment maintenance. Therefore,
point of care testing (POCT) plays an indispensable role in disaster relief, and can
provide a large number of irreplaceable experimental diagnostic data for the entire
medical relief for disasters. UPT-POCT is portable, easy to operate, fast, accurate
and reliable, as well as requires a trace amount of sample, and it can be used under
extreme environmental conditions, meeting the various requirements for disaster
scenes.

Keywords Medical relief · Earthquake · Flood · Conflagration and explosion ·
UPT-POCT

10.1 The Characteristic of Medical Relief for Disasters

10.1.1 The Present Situation of Medical Relief for Disasters
in the World

The World Health Organization (WHO) defines disasters as: disaster occurs when
the destructive power of any event exceeds the endurance capacity of the area and the
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assistance of other regions is demanded,while any event that can cause the destruction
to the facility, economy, the health of the person and the conditions of social health
services may be involved. Disasters include natural hazards of meteorology, geology,
geomorphology, hydrology, biology and so forth, as well as man-made disasters such
as conflagrations, explosions and terrorist attacks operated by human (Elamein et al.
2015). Medical relief for disasters mainly depends on militaries in many countries,
including not only the onsite medical service for the wounded and sick, but also the
monitoring of epidemiological pathogens fromwater, soils and population (Michaud
et al. 2019).

Medical relief for disasters is a discipline that studies emergency medical ser-
vice, disease prevention, and health care under various disasters. There are cur-
rently two models in the world, namely the Anglo-American model and the French-
German model. The former provides out-of-hospital rescue by professionals and
sends patients to the hospital emergency department for therapy, while the latter pro-
vides emergency medical service outside the hospital by medical personnel. China
adopts a combination of on-site ambulance and distribution of patients to the hospital.
Portable medical inspection equipment meets the requirements of modern medical
relief for disasters.

10.1.2 The Characteristic of Detection for Medical Relief
for Disasters

Due to the suddenness and uncertainty of disasters, a lot of detection tasks formedical
relief for disasters should be performed by nonprofessionals with inferior facilities
in a poor working environment (Goyet et al. 2018).

10.1.2.1 Large Amounts of Inspection Work

Formedical relief for disasters on site, the inspectionwork provides basic experimen-
tal diagnosis data for the clinical inspection, biochemical detection, blood transfusion
and infectious disease monitoring projects. The contents of projects are complicated,
greatly increasing the difficulty of on-site testing.

10.1.2.2 High Requirements for the Comprehensive Quality
of the Inspectors

Inspectors must be responsible for inspection, quarantine, haemospasia, blood trans-
fusion, epidemiological monitoring, management and maintenance of reagents and
equipments in medical relief for disasters on site. The quality including knowledge
and skills of inspectors must be comprehensive.
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10.1.2.3 High Requirements for Equipment and Reagents

Interruptions of traffic, power and communication, as well as poor conditions at the
disaster scene, may affect the performances of equipments and reagents for medical
testing.

10.2 The Requirement of Detection for Medical Relief
for Disasters

The characteristics of medical relief for disasters are contingence, complex, and
uncertain. On the basis of tests covering clinical examination, biochemistry, immu-
nity, microbiology, and blood transfusion, etc., other medical tests should be added
according to the season and the type of disaster, such as schistosomiasis, malaria,
dengue fever, cholera (Siddique et al. 1995) and other endemic diseases in disaster
areas. It is necessary to have a suitable combination of inspection items for compre-
hensive medical service for different kinds of disasters such as earthquakes, floods,
conflagrations and leakage of toxic chemicals. Due to the isolation from outside and
the paralysis ofwater, electricity, communication and transportation at the large-scale
disaster scenes, large analytical instruments in central laboratories will not be able to
reach the site, while mobile, portable instruments or test strips will become the first
choice for emergency medical treatment. After the data delivery of POCT, necessary
medical information based on comprehensive physical examination of the wounded
will be provided to clinicians, improving the success rate of rescue. Therefore, the
detection system for medical relief for disasters must be equipped with easy-to-carry,
self-powered and stable instruments, as well as easy-preserved reagents, and it also
should be easy to operate, fast in detection and robust in anti-interference to ensure
rapidity of medical examination with high accuracy.

10.2.1 The Diseases and Corresponding Detection Items
in Earthquake Disasters

The crush syndrome and damage of important organs caused by the earthquake
are the main causes for deaths of the wounded, and symptoms are mainly injury,
local sensory disturbance and acute renal failure (Missair et al. 2013). Neutrophil
gelatinase-associated lipocalin (NGAL) is one of themost effective serologicalmark-
ers for early diagnosis of acute kidney injury, because it increased faster than other
molecules markers of kidney injury molecules (Noto et al. 2013). In addition to crush
syndrome, there are other traumas such as fractures, and shocks, damage of skeletal
and cardiacmuscle, while the rapid detection ofmyocardialmarkers is indispensable.
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What’s more, infections often occur because the serious pollution for the envi-
ronment and the poor facilities for the rescue of the wounded in earthquakes. The
detection markers for infectious diseases are effective for early and accurate diagno-
sis of systemic sepsis, bacterial and viral infections, including procalcitonin (PCT),
C-reactive protein (CRP) and interleukin-6 (IL-6).

The environmental barrier for prevention of disease spreads were weakened
because of ecological damage and the deteriorated environment caused by earth-
quakes. For environmental problems, waste water, sewage and the bodies of victims
can cause the growth of bacteria, mold, mosquitoes and parasites. A damaged local
water supply system can increase the incidence of intestinal infectious diseases, as
well as water-borne infectious diseases such as cholera, schistosomiasis and lep-
tospirosis. Therefore, infectious disease tests should be carried out in earthquake
disasters, and surveillance of serious infectious diseases must be done in natural foci
such as anthrax, brucellosis and plague.

10.2.2 The Diseases and Corresponding Detection Items
in Flood Disasters

China is one of the countries with frequent floods in the world. Floods can cause
drowning, hypothermia and many other injuries. The concentrated placement of the
victims will increase the possibility of outbreaks of infectious diseases. Studies have
shown that the incidences of typhoid fever, paratyphoid fever, hepatitis, gastroenteri-
tis and measles have increased after floods (Llewellyn 2006), therefore the diseases
with the clinical symptom of fever and diarrhea (Yip and Sharp 1991) should be
concerned. In addition, pollution of drinking water sources often occurs after flood
disasters, therefore relevant foodborne pathogens must be quarantined.

10.2.3 The Diseases and Corresponding Detection Items
in Conflagration and Explosion Disasters

After the conflagration, blood gas analysis and electrolyte analysis are needed due to
blood transfusion and infusion. Infection and sepsis are common complications of
burns, and detections of common pathogens can help monitor the condition. Explo-
sion disasters can cause important visceral and mechanical damages, infection will
develop without treatment in time. Therefore the detection markers related to the
infectious disease are key testing items for conflagration and explosion disasters,
such as PCT, CRP and IL-6.
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10.3 UPT-POCT Detection Method for Medical Relief
for Disasters

CombiningUCP as bio-labels and classical immunochromatography as a rapid detec-
tion platform, the rapid quantitative detection of target antigens or antibodies can be
realized based on photoelectric signals of UPT-POCT. Prior to the qualitative detec-
tion of traditional colloidal gold immunochromatography, UPT-POCThas the unique
characteristic of stable luminescence, no interference background and high sensitiv-
ity, which is a representative technology platform for third-generation of POCT with
precision and quantitation. UPT-POCT has the advantage of portability, operabil-
ity and a small amount of sample demand, meeting the requirement of detection in
extreme environmental conditions at the disaster scene. The information of prod-
ucts can be directly read by built-in chips or external barcodes and two-dimensional
codes in the strip, and the results can be directly printed by the built-in printer of
the series of UPT biosensor, refraining from the limitation of facilities at the disaster
scene, what is the most important is that the rapid result acquisition within 20 min
and reagent preservation at 4–30 °C are very practical and meet the requirement for
detection at the disaster scene.

Please refer to Chap. 7 “Application of UPT-POCT in Emergency Medicine” and
Chap. 8 “Application of UPT-POCT in Internal Medicine” for the information of
UPT-POCT products for detection of myocardial markers, such as MYO, CK-MB,
cTnI, FABP, NT-proBNP (Yang et al. 2017) and PLA2, as well as a marker for blood
embolic disease, namely D-Dimer. In addition, please refer to Chapt. 9 “Application
of UPT-POCT in Combat-Related Traumatic Infection” for the information of UPT-
POCT products for detection of markers for infectious diseases, such as PCT, CRP
and IL-6. The pathogens of common infections and intestinal infectious diseases in
medical relief for disasters mainly include V. cholerae O139, V. cholerae O1 (Hao
et al. 2017), S. typhimurium, E. coli O157, and S. aureus etc. (Zhao et al. 2016).
The sensitivities of UPT-POCT for detections of food samples after enrichment and
diarrhea samples is perfect, and please refer to Chap. 11 “Application of UPT-POCT
for Detection of Foodborne Pathogens”. If the disaster scenes overlap the natural
foci for serious infectious diseases, the detection for these corresponding pathogens
of UPT-POCT were described in Chap. 16 “Application of UPT-POCT in Anti-
bioterrorism and Biosecurity”.

10.4 Applications of UPT-POCT for Medical Relief
for Disasters

At present, the equipments and reagents based on UPT-POCT method have been
widely commercialized, and they can meet the needs of rapid inspections at the dis-
aster scene because of the characteristics of small size, portability, simple operation,
strong maneuverability and practicality of inspection items. UPT-POCT have been
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successfully applied to many fields, such as disease prevention and control, public
security, firefighting, military, port, food and drug supervision, etc. The test products
for diseases at the disaster scene are shown in Table 10.1.

In summary, the experience of dealing with emergencies and disaster events
around the world over the years has proven the role and feasibility of POCT. POCT
applications in medical relief for disasters provide scientific evidences for the deci-
sions in disasters of corresponding plans, such as emergency management, first aid
implementation, environmental management, and early warning start. As the repre-
sentative technology of POCT, UPT-POCT is the first choice for first responders for
medical inspections andmanagements in disasters. It meets the needs of on-site rapid
detection and emergency disposal, that is, the suspicious samples with “unknown tar-
gets” can be quantitatively determined in the “shortest time” on site, improving the
ability and standards of medical relief for disasters, and providing strong support for
national biosafety, disaster relief, people’s health, economic development and social
stability.

Table 10.1 UPT-POCT products for diseases at the disaster scene

No. Products

1 UPT-POCT detection kit for neutrophil gelatinase-associated lipocalin (NGAL)

2 UPT-POCT detection kit for cardiac troponin I (cTnI)

3 UPT-POCT detection kit for creatine kinase isoenzyme MB (CK-MB)

4 UPT-POCT detection kit for myoglobin (MYO)

5 UPT-POCT detection kit for myocardial fatty acid binding protein (H-FABP)

6 UPT-POCT detection kit for N-terminal prohormone of brain natriuretic peptide
(NT-proBNP)

7 UPT-POCT detection kit for lipoprotein-associated phospholipase A2 (Lp-PLA2)

8 UPT-POCT detection kit for procalcitonin (PCT)

9 UPT-POCT detection kit for C reaction protein (CRP)

10 UPT-POCT detection kit for interleukin-6 (IL-6)

11 UPT-POCT detection kit for V. cholerae O139

12 UPT-POCT detection kit for V. cholerae O1

13 UPT-POCT detection kit for S. typhi

14 UPT-POCT detection kit for E. coli O157

15 UPT-POCT detection kit for Y. pestis

16 UPT-POCT detection kit for S. aureus

17 UPT-POCT detection kit for Norovirus
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Chapter 11
Application of UPT-POCT in Detection
of Foodborne Pathogens

Yanzhao Li, Xingbo Ren, Hongrui Zhang and Pingping Zhang

Abstract Foodborne pathogens are responsible for most of diseases in food safety,
mainly including Salmonella, L. monocytogenes, E. coli O157, V. cholerae, V. para-
haemolyticus, S. aureus and C. sakazakii. Confirmation detection method is time-
consuming, while rapid detection method is suitable to be used as basis for judicial
and law enforcement on site. The requirements for limitations of pathogens in dif-
ferent types of food are varied, therefore the rapid quantitative detection method is
desiderated. UPT-POCT can quantitatively detect dozens of foodborne pathogens
after enrichment with high sensitivity and rapidity, and 17 commercial UPT-POCT
detection kits have been developed and included in the reference list of equipments
for food safety risk monitoring for provincial and municipal disease prevention and
control institutions in China.

Keywords Foodborne pathogen · Limitation requirement · Confirmation
detection · Rapid detection · UPT-POCT

11.1 Character for Detection for Foodborne Pathogens

Foodborne pathogens are one of the main factors affecting food quality and safety
(Pereira et al. 2018), and “food safety” is the theme ofWorld Health Day of theWorld
Health Organization in 2015. According to incomplete statistics, there are as many
as one billion foodborne diseases per year, of which more than 60% are caused by
pathogenic bacteria. Each year about one million children die from diarrhea caused
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by foodborne pathogens. Many major accidents about public health were caused by
foodborne pathogens, such as E. coli O157:H7 food poisoning incidents in Japan
in 1996 and in China in 1999 involving tens of thousands of infections, the food
safety incident related avian influenza in Southeast Asia in 2005, L. monocytogenes-
contaminated melon incident and the epidemic of salmonella caused by live poultry
that were extremely widespread in America in 2011. In China, the number of food
poisoning caused by foodborne pathogens accounts for 40–60% of the total number
of foodborne diseases.

11.1.1 The Main Foodborne Pathogens

Themain pathogens for food safety are Salmonella, L. monocytogenes, E. coliO157,
V. cholerae, V. parahaemolyticus, S. aureus and C. sakazakii. In addition, they also
include various pathogenic bacteria such asBrucella,C. botulinum,P. cocovenenans,
C. jejuni and B. cereus.

(1) Salmonella spp.
Salmonella spp., the causative agent of salmonellosis, is a Gram-negative Enter-
obacterium of Enterobacteriaceae. The main pathogens of salmonella spp.
include S. paratyphi A, B, and C, S. typhi, S. enteritidis and S. choleraesuis.
Salmonella can survive for 3–4 months at low temperature, which is the main
pathogens for food poisoning in theworld (Vinueza-Burgos et al. 2019). It is one
of the health indicators for China’s metrological certification/approval testing.

(2) L. monocytogenes
It is a Gram-positive Brevibacterium of genus Listeria, and facultative anaero-
bic. The clinical symptoms are mainly sepsis, meningitis and proliferation of
mononuclear cells. Many types of foods can be contaminated by L. monocyto-
genes, such as aquatic products, dairy products, meat and vegetables.

(3) E. coli O157:H7
E. coli O157:H7 is a Gram-negative Brevibacterium with capsule, genus
Escherichia, Enterobacteriaceae. E. coli O157:H7 can cause diarrhea, hemor-
rhagic enteritis, hemolytic uremic syndrome, purpura and other diseases, which
are especially serious for children and the elderly and even lead to death. E. coli
O157:H7 is mainly found in meat and vegetable products. Food safety incidents
caused by consumption of beef and vegetable products contaminated with E.
coli O157:H7 have occurred in many countries around the world.

(4) S. aureus
S. aureus is a spherical Gram-positive bacterium, genus Staphylococcus, irreg-
ularly arranged in a string of grapes for morphology. S. aureus can produce
enterotoxin during growth and reproduction, which is destructive to the intes-
tine, and it is also the most common pathogen in human purulent infection. S.
aureus can be found in foods such as milk, meat, eggs, fish and their products,
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and is also widely found in air, water, feed, soil, dust, as well as human and
animal waste.

(5) V. parahaemolyticus
V. parahaemolyticus is a Gram-negative bacterium, genus Vibrio. It mainly
pollutes aquatic products such as fish, shrimp, crab, shellfish, seaweed, or meat
products by cross-contaminates. It is the main pathogen in coastal areas and
some inland areas. V. parahaemolyticus has strong virulence to humans and
animals, and the main clinical symptoms include the abdominal pain, vomiting,
diarrhea and watery stools.

(6) C. sakazakii
C. sakazakii is a Gram-negative bacterium, Enterobacteriaceae. It is an impor-
tant conditional pathogen in milk powder that can cause death in infants and
young children (Lepuschitz et al. 2017). At the beginning of the 21st century,
C. sakazakii was continuously detected from infant milk powders made by the
international dairy giant company, and from then on public pay attention to
the detection of this pathogen from dairy products. In 2005, China issued the
Industry Standard for Detection Method of C. sakazakii in Milk Powder.

(7) Shigella spp.
Also as knownas dysentery bacillus,Shigella spp. is aGram-negative bacterium,
themost commonpathogen responsible for humanbacterial dysentery. There are
four groups for Shigella spp., including S. dysenteriae, S. flexneri, S. boydii, and
S. sonnei. Dysentery is themost common intestinal infectious disease in summer
and autumn, mainly transmitted by fecal oral route. The clinical symptoms are
severe abdominal pain, diarrhea (watery stool with blood and mucus possibly)
and fever. After years of continuous management and significant improvement
of sanitary conditions, as well as surveillance for food safety, currently Shigella
spp. has rarely been detected for food safety in China.

11.1.2 The Characteristics of Detection for Foodborne
Pathogens

11.1.2.1 Classification for Detection

The detection of foodborne pathogens is a key mean for surveillance for food safety.
At present, two detection methods are used for common pathogens for food safety
in China. One is the confirmation inspection based on Food Microbiology Test
(GB4789-2016) of National Standard for Food Safety, and the other is a rapid diag-
nostic method for detection of pathogens stated in the 120th item of Food Safety
Law revised in 2015.

The confirmation detection method stated in National Standard GB4789-2016
mainly include culture of microorganism, as well as morphological, serological and
biochemical identification, etc. The main operation steps include sample processing,
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pre-enrichment, separation, observation by microscope, biochemical experiments,
serological typing (optional project), results report and other steps. The entire inspec-
tion period is at least 3–7 days, and the results are accurately quantified, rigorous
and reliable. However, the disadvantages of that method are cumbersome, long time-
consuming, and professional, which is not conducive to the control of potentially
unsafe products (Rajapaksha et al. 2019).

Therefore, the rapid detection method for spot-check can be used for the food
safety supervision and management work according to the Food Safety Law of the
People’s Republic of China. The preliminary screening method requires rapidity,
simple operation, short time cost, and suitability for detection on-site. The results of
rapid inspections can be used as a basis for the judicial and law enforcement in food
safety for the food safety supervision department at or above the county level of the
people’s government in China.

11.1.2.2 Characteristic of Detection

The contamination of foodborne pathogens is varied with the changes of the environ-
ment and time (Zoellner et al. 2019), and food handler is also related to the prevalent
of pathogens in food (Xu et al. 2019). The pathogens are unevenly distributed in
the food, so that the detection results for the same sample at different times and
different parts are different (Jagadeesan et al. 2019). The unsealed samples can’t be
used for repeat tests because of the risk of pollution. Therefore, instability of the
contamination of pathogens is more serious than that of chemical pollution, and the
requirements for timeliness and accuracy are very strict for detection of pathogens.

11.2 Requirement for Detection of Foodborne Pathogens

Requirements for limitations of foodborne pathogens were summarized by the Gen-
eral Standard for limitations of Pathogenic Bacteria in Food Safety (GB29921-2013),
which was implemented on July 1, 2014, in China. The pathogens involved in the
standard include Salmonella spp., L. monocytogenes, E. coli O157:H7, S. aureus
and V. parahaemolyticus. The requirements for limitations of pathogens in different
types of food are detailed in Table 11.1.

Stricter requirements for limitations of E. coli, S. aureus and Salmonella spp.
were stated in “Infant Formula” (GB10765) and “Large Infant and Young Child
Formula Foods” (GB 10767), the National Standard for Food Safety of China. The
requirement for limitation of C. sakazakii was also added (Table 11.2).
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Table 11.1 The requirements of limitations of foodborne pathogens in different types of food

Food types Pathogens Sampling method and limitation (mark by
25 g and 25 ml if not specially designated)

n c m M

Meat product Salmonella spp. 5 0 0 –

L. monocytogenes 5 0 0 –

S. aureus 5 1 100 CFU/g 1000 CFU/g

E. coli O157:H7 5 0 0 –

Aquatic product Salmonella spp. 5 0 0 –

V. parahaemolyticus 5 1 100 MPN/g 1000 MPN/g

S. aureus 5 1 100 CFU/g 1000 CFU/g

Instant egg product Salmonella spp. 5 0 0 –

Cereal product Salmonella spp. 5 0 0 –

S. aureus 5 1 100 CFU/g 1000 CFU/g

Instant beans product Salmonella spp. 5 0 0 –

S. aureus 5 1 100 CFU/g 1000 CFU/g

Chocolate and cacao
product

Salmonella spp. 5 0 0 –

Instant fruits and
vegetables product
(contain pickles)

Salmonella spp. 5 0 0 –

S. aureus 5 1 100 CFU/g 1000 CFU/g

E. coli O157:H7 5 0 0 –

Drink (except packaged
drinking water and
carbonated beverage)

Salmonella spp. 5 0 0 –

S. aureus 5 1 100 CFU/g 1000 CFU/g

Frozen drinks Salmonella spp. 5 0 0 –

S. aureus 5 1 100 CFU/g 1000 CFU/g

Instant condiment Salmonella spp. 5 0 0 –

S. aureus 5 1 100 CFU/g 10000 CFU/g

V. parahaemolyticus 5 1 100 MPN/g 1000 MPN/g

Nuts and seeds product Salmonella spp. 5 0 0 –

Note n is the number of sample to be collected for one batch; C is maximum number of sample
allowed to exceed n; m is the acceptable limit value for pathogen; M is maximum limit value for
pathogen
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Table 11.2 The requirements for limitations of foodborne pathogens for formula foods of infant
and young child in China

Projects Sampling schemea and limitation
(mark by CFU/g and CFU/mL if
not specially designated)

Note

n c m M

Total bacterial coloniesb 5 2 1000 10000

E. coli 5 2 10 100

S. aureus 5 2 10 100

C. sakazakii 3 0 0/100 g – 0–6 months old infant food

Salmonella spp. 5 0 0/25 g –

Note a. The analysis and treatment of samples according to GB 4789; b. Not suitable for the products
appended by active probiotics

11.3 UPT-POCT Detection for Foodborne Pathogens

11.3.1 The Performance of UPT-POCT for Detection
of Foodborne Pathogens

The principle of UPT-POCT for detection of foodborne pathogens is mainly based
on the double antibody sandwich method. Taking detection of E. coli as an example,
UPT-POCT can detectE. coliO157:H7with a concentration lower than 103 CFU/mL
under the interference of 109 CFU/mL of other bacteria, and the coefficients of
variation are all less than 10%.

In addition, multiple detection of foodborne pathogens can be performed. Simul-
taneous detection of ten foodborne pathogens can be complete at a time, including
S. paratyphi A, B, and C, V. cholerae O1 and O139, E. coli O157, S. enteritidis, S.
choleraesuis, S. typhi, and V. parahaemolyticus. The detection ranges for samples
without enrichment are 105–109 CFU/mL, and 10 CFU/mL after enrichment (Zhao
et al. 2016). Regression coefficient R2 value for the quantitative curve exceeds 0.9,
and the specificity is excellent for the other nine pathogens. As a whole, UPT-POCT
can detect the food sample after enrichment, as well as the direct detection of diar-
rhea samples. After enrichment, the sensitivities meet the requirement of pathogens
stated by the General Standard GB29921-2013.

11.3.2 The Advantage of UPT-POCT for Detection
of Foodborne Pathogen

The UPT-POCT based on upconversion nanoparticles has the characteristics of high
sensitivity, specificity and stability, zero background interference, and simple opera-
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tion, compared with the rapid detection methods based on other nanomaterials, such
as colloidal gold, latex particles, and fluorescent particles. (1) The detection method
is universal. The applicability of UPT-LF is in favor of the development of not only
new reagents for pathogen detection, but also the general solution for sample pro-
cessing and the same method for sample treatment, leading to easy of detection for
various pathogens with a set of treatment processes. In addition, a UPT-3A biosensor
can be used for the detection of dozens of foodborne pathogens, therefore the funding
and the placement space for equipment can be saved for the inspection organization.
(2) The enrichment of UPT-POCT for foodborne pathogens is only 6–24 h, and
the time of simple sample treatment and quantitative detection is less than 20 min,
which is far shorter than 3–7 days required by international standard, making the law
enforcement of food safety more timely and efficiently. (3) The detection results can
be traceable. The detection results for UPT-POCT for common pathogenic microor-
ganisms for food safety can be viewed immediately on the screen or printed by the
built-in printer after the test completed. In addition, the results automatically stored
by UPT biosensor can also be transferred to the computer for storage and analysis,
so the traceability of the results is excellent.

11.4 Application

11.4.1 The Current Detection Method for Food Pathogen

There are many traditional detection methods stated by Food Microbiology Test
(GB4789-2016) of National Standard for Food Safety, such as microbial culture,
morphological identification and biochemical experiments. Many new methods and
equipments have been developed for the detection of foodborne pathogens, includ-
ing technology related improved counting, immunochromatographic detection, gene
detection (Liu et al. 2019), microfluidic, biochip detection, biosensor detection,
mass spectrometry detection, next-generation sequencing (Yang et al. 2019), and
flow cytometry technology, etc. Among them, immunochromatography, microfluidic
technology, and DNA amplification (Liu et al. 2019) are suitable for rapid screening
and preliminary diagnosis for foodborne pathogens on site because of their rapidity,
portability and simple operation. As a immunochromatography detection method,
UPT-POCT is fast, simple, and suitable for rapid detection on site. The advantages
and disadvantages of the above common methods are shown in Table 11.3.
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Table 11.3 The advantages and disadvantages of common methods applied for detection of food-
borne pathogens

Detection method Advantage Disadvantage

Traditional cultural, chemical
and serologic detection

Accurate Complex operation,
time-consuming

Detection based on
Resistance or conductance

Rapid Only determination of the
degree of pollution, inferior
specificity

Direct bacterial counting Rapid Inferior specificity

Colorimetry based on dry
weight

Rapid Without specificity

Rapid cultivation based on
paper

Accurate Only applied for one
microorganism

Colloidal gold
immunochromatographic
assay

Rapid, specific Not sensitive and quantitative

Vitek automatic
microorganisms analyzer
system (VITEK-AMS)

Rapid, accurate, genus
identification

Not suitable for identification
of species

Vitek immune diagnostic
assay system (VIDAS)

Wide detection range, rapid,
high-throughput(30 samples)

Only used for preliminary
screening

Gene chip (detection of target
DNA)

Accurate, rapid,
high-throughput

Expensive

Protein chip (detection of
biotoxin)

Rapid, accurate,
high-throughput

Expensive

UPT-POCT Rapid, specific, accurate,
quantitative

11.4.2 Applications of UPT-POCT in Detection of Foodborne
Pathogens

11.4.2.1 The Pre-treatment of Sample

The food and feces samples are required for enrichment. Take 0.6 g or 600 µl of
food sample, or 0.3 g or 300 µl of stool sample into 5 ml of medium for enrichment,
and then cultured for 5 h or overnight at 37 °C. 100 µl of supernatant of the culture
is added to one tube with sample-treating buffer for detection.

The suspected liquid, powder, solid and organ samples are not required for enrich-
ment. (1) For suspicious liquid sample, 100 µl are directly added to one tube with
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sample treating buffer for detection; (2) For suspicious powder sample, the wet cot-
ton swab was first dipped in the tube with sample-treating buffer, and then used
to obtained a proper amount of powder on the contaminated surface and washed
in the same tube with sample-treating buffer for detection; (3) For suspicious solid
and organ sample, an appropriate amount of sample (about 5 mm in diameter) is
added into one tube with sample-treating buffer, and grinded into the homogenate
for detection.

11.4.2.2 Parameters of UPT-POCT Reagents for Foodborne Pathogens

Taking the UPT-POCT detection kit for Salmonella spp. as an example, the parame-
ters of UPT-POCT reagents for detection of foodborne pathogens are introduced. (1)
Detection targets are common Salmonella spp. in samples, including S. paratyphi A,
B and C, S. enteritidis, S. typhi, S. typhimurium, and S. choleraesuis. (2) It can be
stored at 4–30 °C, valid for 18months. (3) Applicable instruments are UPT biosensor
and UPT-3A series analyzer. (4) For detection, 100 µl of the treated sample is added
into the strip, and the results can be read after 15 min. (5) For qualitative detection,
the result is judged as negative when the value of “results” is zero, and positive when
the value is greater than 0. For quantitative detection, the meaning of the number of
the “result” (Y) is that the concentration of target pathogens in sample added to the
strip is 10Y CFU/ml.

11.4.2.3 The Product of UPT-POCT for Detection of Foodborne
Pathogens

Atpresent, there are asmany as 17 commercialUPT-POCTdetection kits for common
foodborne pathogens have been successfully developed (Table 11.4).

Table 11.4 UPT-POCT
products for detection of
foodborne pathogens

No. Product name

1 UPT-POCT detection kit for S. paratyphi A

2 UPT-POCT detection kit for S. paratyphi B

3 UPT-POCT detection kit for S. paratyphi C

4 UPT-POCT detection kit for S. enteritidis

5 UPT-POCT detection kit for S. typhi

6 UPT-POCT detection kit for S. choleraesuis

7 UPT-POCT detection kit for common Salmonella spp.

8 UPT-POCT detection kit for V. cholerae O1

9 UPT-POCT detection kit for V. cholerae O139

10 UPT-POCT detection kit for E. coli O157:H7

(continued)
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Table 11.4 (continued) No. Product name

11 UPT-POCT detection kit for L. Monocytogenes

12 UPT-POCT detection kit for S. aureus

13 UPT-POCT detection kit for S. aureus enterotoxin B

14 UPT-POCT detection kit for V. parahaemolyticus

15 UPT-POCT detection kit for C. sakazakii

16 UPT-POCT detection kit for Shigella spp.

17 UPT-POCT detection kit for C. jejuni

The rapid detection method of UPT-POCT for foodborne pathogens is an impor-
tant supplement to Food Microbiology Test (GB4789-2016) of National Standard
for Food Safety. UPT-POCT is particularly suitable for preliminary screening and
detection on site in grassroots for food safety because of its fast and convenient
characteristics. It has been widely used in provincial and municipal medical insti-
tutions. In addition, it is included in the reference list of equipment for food safety
risk monitoring, for provincial and municipal disease prevention and control institu-
tions, according to the “Construction Plan for Food Safety Risk Monitoring Capa-
bility (Equipment Configuration)”, which issued by the Ministry of Health and the
National Development and Reform Commission in China.
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Chapter 12
Application of UPT-POCT in Detection
of Food Safety Related Mycotoxins

Yanzhao Li, Xingbo Ren, Hongrui Zhang and Yong Zhao

Abstract Mycotoxin contamination is an important cause of food and feed safety
issues. Mycotoxin contaminated foods can cause acute or chronic poisoning, and
even cause cancers in humans and animals. Technology that can rapidly and quan-
titatively detect mycotoxins is of great importance for ensuring food safety and
economic development. This chapter presents mycotoxins and their hazards, and
introduces UPT-POCT for detection of mycotoxins. Comparisons of UPT-POCT
and other detection methods are discussed in terms of both the methodology and
practical applications. The results demonstrate that UPT-POCT is a promising tool
for rapid, sensitive, and quantitative detection of mycotoxins in the field.

Keywords UCNPs · Mycotoxins · Lateral flow assay · On-site detection
Mycotoxin is one of the most dangerous naturally occurring food contaminants; it
is a secondary metabolite produced by the growth of filamentous fungi in food and
feed. Currently, more than 400 types of mycotoxin have been found, and there may
be more that need to be identified and understood (Milićević et al. 2010). Mycotoxin
contamination commonly occurs in food and oil, such as peanuts, soya beans, maize,
cereals, and dairy products. In addition to causing loss of nutrients and reduced
product quality, mycotoxins can also cause acute or chronic poisoning of humans
and animals, and even cause cancer (Pfohl-Leszkowicz 2009).According to estimates
by the FAO, ~25% of the world’s grain and crops are contaminated with mycotoxins,
causing losses of hundreds of billions of dollars annually. Mycotoxin contamination
is prevalent in China and poses a serious food safety risk. It not only introduces an
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important threat to the health of the general population but also seriously affects
national economic development.

12.1 Mycotoxins and Their Hazards

Owing to the serious harm caused by mycotoxins, countries around the world have
formulated corresponding limit standards and regulations. The European Commis-
sion announced standards for aflatoxins in foods more than 10 years ago: the total
amount of aflatoxin in edible peanuts and their products must be less than 4 μg/kg,
of which B1 must be ≤2 μg/kg. In 2017, China released the latest “Food Safety
National Standards for Limits of Mycotoxins in Foods” (GB2671-2017), which
replaced the standard (GB-2761-2011) implemented in 2011. Mycotoxins are listed
as the focus of food safety monitoring. Common mycotoxins include aflatoxin, zear-
alenone, deoxynivalenol, ochratoxin A, T2 toxin, and fumonisin, amongst others.

12.1.1 Aflatoxin

Aflatoxins (AFA) are a series of structurally similar compounds (B1,B2,M1, andM2,
etc.) primarily produced byAspergillus flavus andAspergillus parasiticus. Aflatoxins
are widely known to contaminate products such as corn, peanuts, milk, and their by-
products, with peanuts being the most commonly contaminated product (Wu et al.
2016). Themost toxic aflatoxin subtype is aflatoxin B1, which is a Class I carcinogen
as designated by WHO. It is one of the three major causes of liver cancer (Smela
et al. 2001), and is the focus of food and feed testing. Aflatoxin B1 contamination
mainly affects peanuts and corn, which can be ingested by people and cause disease.

12.1.2 Zearalenone

Zearalenone (ZEN) is amycotoxin produced as an estrogenicmetabolite by Fusarium
fungi. Livestock, particularly pigs, can produce excessive amounts of estrogen after
eating Zearalenone-contaminated feed (Schoevers et al. 2012), causing severe dete-
rioration in fertility. In addition, Zearalenone also has a carcinogenic effect. Studies
have shown that Zearalenone can bind to human estrogen receptors, stimulate the
growth of breast cancer cells, and cause human breast cancer (Belhassen et al. 2015;
Parandin et al. 2015).
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12.1.3 Deoxynivalenol

Deoxynivalenol (DON), also known as vomiting toxin, is mainly produced byFusar-
ium graminearum and Fusarium oxysporum. DON can disrupt normal cell function
by inhibiting protein synthesis (Pestka and Smolinski 2005), and cause a series of
poisoning symptoms, such as loss of appetite, vomiting, diarrhea, ataxia, and slow-
ness of movement; in severe cases it even causes death. All animal species evaluated
to date are susceptible to DON; with pigs being the most susceptible (Pestka 2007).
DON is also toxic to embryos and has mutagenic effects (Malekinejad et al. 2007).

12.1.4 Ochratoxin A

Ochratoxin A (OTA) is a secondary metabolite produced by Aspergillus and Peni-
cillium (Ringot et al. 2006). OTA contaminated feed can cause severe diseases in
animals. Pigs and poultry are the most susceptible to OTA. It mainly damages the
kidneys and liver, and has teratogenic, carcinogenic, mutagenic, and immunosup-
pressive effects.

12.2 Current Status of Mycotoxin Detection Technology

Currently, the detection methods for mycotoxins primarily include high performance
liquid chromatography (HPLC) (Arranz et al. 2004), liquid chromatography-mass
spectrometry (LC/MS) (Hickert et al. 2015), enzyme-linked immunosorbent assay
(ELISA) (Rossi et al. 2012), and colloidal gold lateral flow assay (LFA) (Table 12.1)
(Maragos et al. 2010). Among them, chromatographic and mass spectrometry meth-
ods are the current gold standard. However, these techniques are not suitable for
rapid detection and large-scale screening owing to their complex operation, time-
consuming sample pretreatment, and requirement for sophisticated instrumentation.

Table 12.1 Comparison of current mycotoxin detection methods

Characteristics Colloidal gold LFA ELISA HPLC LC/MS

Time 0.5 h Hours Hours Hours

Sensitivity Low Moderate High High

Sample pretreatment Easy Easy Complicated Complicated

Quantification No/semi-
quantification

Yes Yes Yes

Operation Easy Complicated Complicated Complicated

Trained operator
required

No Yes Yes Yes
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Compared with the methods described above, colloidal gold LFA is a fast, sta-
ble, accurate, and efficient method for detecting mycotoxins. Qualitative or semi-
quantitative results can also be obtained with a strip reader (Song et al. 2014). In
addition, colloidal gold LFA does not require complicated sample pre-treatment or
mycotoxin extraction with 70% methanol or ethanol. For example, methanol and
ethanol can be replaced with water to extract mycotoxins (aflatoxin, fumonisin, and
zearalenone) using Water Extraction Technology (WET) (Charm Sciences, USA)
(Salter et al. 2006). WET technology allows rapid detection of mycotoxins in raw
materials in 5 min under field conditions.

Another rapidmethod, time-resolved fluorescence LFA,was developed to achieve
accurate quantitative detection of mycotoxins (Song and Knotts 2008; Tang et al.
2017). Time-resolved fluorescence LFA uses fluorescent signals (with wavelengths
in the range 600–650 nm) as the quantitative detection signals. The fluorescence
signal has greater intensity and better stability compared with the visible light of
colloidal gold, allowing more sensitive detections. However, the major limitation of
this method is that the background interference of the fluorescent signal can be very
strong, which can affect the stability and accuracy of the detection result.

There is an urgent need in the market for a product that is fast, quantitative,
accurate, stable, convenient, and highly sensitive for complex sample detection.UPT-
POCT has developed very quickly in recent years, which has enabled the use of
upconversion nanoparticles (UCNPs) as reporters in LFA detections (Niedbala et al.
2001; Yan et al. 2006; Yong et al. 2016). UCNPs demonstrate unique up-converting
behavior. Compared with fluorescence, the up-converting phosphor signal has little
background interference, and is very stable to environmental interference. Therefore,
more accurate quantitative and sensitive detection can be achieved using UCNPs as
reporters. The UPT-POCT method has unique advantages for mycotoxin detection:

• Accurate quantitative detection.
• Easy operation.
• Fast results. Quantitative test results can be obtained within 15 min.
• Safety. Operators do not need to handle toxin standards.
• Robust sample tolerance. The UPT-POCT assay has strong sample tolerance for
various food matrices and environmental samples, which enables rapid sample
detection in the field.

12.3 Application of UPT-POCT in Mycotoxin Detection

A variety of UPT-POCT detection kits for mycotoxins (Hotgen, China) have been
developed (Table 12.2).

The principles and application of the detection kit are described in detail below,
using vomiting toxin as an example.
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Table 12.2 UPT-POCT kits
for mycotoxins

Item Package
(test/kit)

Quantification
range (ppb)

Time (min)

Aflatoxin B1 40 3–100 15

Aflatoxin M1 40 0.2–5 15

Zearalenone 40 50–1000 15

Vomiting
toxin

40 100–6000 15

Ochratoxin A 40 60–2000 15

Fumonisin
toxin

40 200–10,000 15

T2 toxin 40 60–2000 15

12.3.1 Principles of UPT-POCT Kits

The UPT-POCT assay is based on competitive immunochromatography. The test
line (T line) of the NC membrane is coated with vomiting toxin antigen, and the
control zone (C line) is coated with goat anti-mouse antibodies. UCNPs are cova-
lently bonded to the monoclonal antibodies against vomiting toxin and are fixed in
the conjugation pad of the strip. After sampling, the liquid flows along the strip under
capillary action. During this process, the vomiting toxin antigen in the sample first
binds to the UCNP-labeled antibodies against vomiting toxin. Then, the unbound
UCNP conjugates are captured by antibodies at the T line. The UCNPs emit visible
light signals (~541 nm) under irradiation with light at their excitation wavelength
(980 nm). The ratio of the T line signal to the C line signal (T/C) is inversely propor-
tional to the concentration of vomiting toxin in the sample. After a 15-min reaction,
quantitative results can be obtained with the UPT biosensor.

12.3.2 Applicable Sample Types

The UPT-POCT kit is suitable for rapid quantitative detection of vomiting toxin in
cereals and feeds. The strip can be set for different sample types (Table 12.3).

Table 12.3 Applicable sample types for the detection of vomiting toxin

Parameters Sample types

A Corn, grains, bran, soybean, cotton aphid, peanut, rapeseed, sub-powder

B Wheat flour

C Others
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12.3.3 Detection Procedure

(1) Unpack the kit and place the test strip on a flat surface.
(2) Add 100 μl of liquid sample to the strip.
(3) Obtain the result from the UPT biosensor after a 15-min reaction.

12.3.4 Application and Evaluation

As shown in Table 12.4, the UPT-POCT kits for vomiting toxin are accurate and
reliable; the deviation between the UPT-POCT result and the HPLC result is less
than 10%. In addition, in a field test in a feed mill, the results showed that the
accuracy and stability of the UPT-POCT kits were better than those of commercial
ELISA kits (Beacon, USA), see Table 12.5.

Table 12.4 Comparison of the UPT-POCT kit and HPLC analysis results

Sample UPT-POCT kits (ppb) HPLC (ppb) Deviation (%)

A 127 119 7

B 240 220 9

C 175 177 −1

D 286 280 2

E 600 650 −8

Table 12.5 Comparison of UPT-POCT kits and ELISA kits for detection of vomiting toxin in feed
samples

Sample UPT-POCT kits (ppb) ELISA kits (ppb)

Test 1 Test 2 CV (%) Test 1 Test 2 CV (%)

A 146.08 159.64 6.27 150.00 200.00 20.20

B 188.61 187.64 0.36 190.00 150.00 16.64

C 171.15 164.67 2.73 180.00 150.00 12.86

D 186.39 187.63 0.47 170.00 190.00 7.86

E 172.99 170.04 1.22 180.00 180.00 0.00

F 186.39 180.70 2.19 180.00 290.00 33.10
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12.4 Conclusion

Mycotoxin contamination remains a prominent problem worldwide. Strengthening
the research on prevention and control technology for mycotoxins in food, in partic-
ular establishing more rapid and accurate detection methods, is of great importance
for ensuring food safety and economic development. UPT-POCT is a highly sen-
sitive and accurate quantitative detection technology, which has been widely used
in pathogenic bacteria detection and clinical diagnosis. However, the application in
mycotoxin detection is still in its primary stage, and there remains a series of limita-
tions to practical application. Further developments, such as improving the simplicity
of mycotoxin extraction and developing multi-target detection kits, are still needed
for the UPT-POCT technology to meet various testing requirements in the detection
of mycotoxins in the field.
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Chapter 13
Application of UPT-POCT in Public
Health Emergencies

Yanzhao Li, Xingbo Ren, Miao Jia and Yong Zhao

Abstract Rapid and reliable detection of infectious agents on site is essential for
timely initiation ofmedical treatment and post-exposure prophylacticmeasureswhen
public health emergencies occur. However, the referee standard for confirmation of
infectious agents remains laboratory diagnosis, which is time-consuming and not
available in the field. UPT-POCT technology is a versatile tool that requires limited
resources and can realize rapid detection of infectious agents on site, providing timely
information for the quick response to public health emergencies.

Keywords Public health emergency · POCT · UPT technology

13.1 Introduction

Since the 21st century, public health emergencies have occurred frequently in coun-
tries around the world, such as the outbreak of SARS in 2003, the H1N1 flu in 2009,
the Ebola outbreak in 2014, and the outbreak of the African swine fever in 2018, etc.
Public health emergencies have obvious unpredictability, seriously threatening peo-
ple’s health and social economic development. In order to minimize its impact, the
risk factors should be quickly and accurately processed and eliminated after a pub-
lic health emergency occurs, which puts higher requirements on the field detection
technology.

When a public health emergency occurs, suspicious samples are usually trans-
ported to the laboratory for routine bioassay. However, it is difficult to provide
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timely feedback because the transportation process and the testing process take a
lot of time (Rongkard et al. 2016). Compared with conventional laboratory technol-
ogy, POCT technology has the characteristics of fast detection, simple operation, and
low requirements for instruments and operators, which is more suitable for appli-
cation in public health events (Luppa et al. 2011). POCT technology can provide
analytic results in the shortest time, providing important reference and evidence for
relevant departments.

13.2 Diagnostic Methods for Public Health Emergencies

The gold standard for microbiological testing mainly relies on techniques such as
separation and culture, morphological microscopy, and biochemical identification
(Bloomfield et al. 2015). Such methods cannot meet the need for rapid and accu-
rate detection of pathogens in the field because of its long period and complicated
operation. In addition, there are some other conventional detection methods, such
as enzyme-linked immunosorbent assay (ELISA) and polymerase chain reaction
(PCR), which are faster than the gold standard method. However, these methods are
also difficult to carry out in field conditions (Eriksson and Aspan 2007). The PCR
method has been widely used in laboratories and hospitals. In order to detect the
target gene of pathogens, it needs to extract and purify the genome in the sample
first, and then detect the target gene with specific primers (Wisselink et al. 2017). The
operation is complicated, and it takes 1–2 h to obtain the result. The colloidal gold
based-immunoassay has the characteristics of low cost, simple operation, and rapid
detection (within 15 min). It has been widely used as a rapid diagnostic tool, and is
suitable for on-site detections. However, it is not sensitive and accurate enough, and
it cannot provide quantitative result (Song et al. 2016).

UPT-POCT technology is a new detection technology that combines UPT tech-
nology, immunochromatography technology and biosensor technology. UPT-POCT
technology uses UCPs as detecting labels, which has a unique up-conversion lumi-
nescence of emitting visible light (high energy) under the excitation of infrared light
(low energy). This unique propertymakes it an excellent optic labelwithmany advan-
tages, such as no background interference, no quenching, and suitable for quantitative
analysis. The development of UPT-POCT technology has obviously increased the
sensitivity and stability of immunochromatography technology, and could complete
quantitative detection with portable devices within 15 min (Hua et al. 2015).
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13.3 The Application of UPT-POCT in Public Health
Emergencies

UPT-POCT technology is suitable for the detection and analysis of various types
of samples, including strong acid, alkali, high viscosity samples, powder samples,
animal organ samples, and body fluid samples (Zhang et al. 2014; Li et al. 2009),
which can basically meet the needs of on-site detection of public health emergen-
cies. According to the report (Zhang et al. 2015), the UPT-POCT technology can also
detect corrupt liver samples, which can meet the requirements for rapid detection of
natural disease surveillance sites. The UPT-POCT kits for the detection of pathogens
and viruses related public health emergency mainly includes Yersinia pestis, Bacil-
lus anthraci, Brucella sp, Burkholderia pseudomallei, Francisella tularensis, ricin,
abrin, Influenza A, Influenza B, Zika and Ebola virus.

The main parameters of the above UPT-POCT diagnostic kits are as follows: (1)
the sample types can be soil, powder, animal organs and body fluid samples; (2) the
instrument applied is the UPT-3A biosensor series, and the reaction time is 15 min;
(3) the detection results can be printed and transferred to a PC; (4) the detection
sensitivity of infectious bacteria can reach 2.0 × 103 CFU/ml; there is no cross
between different pathogens; the detection has good repeatability; (5) the effective
period of the kits is 18 months, and the storage conditions are 4 –30 °C, which can
better meet the needs of on-site testing.

In summary, UPT-POCT technology has a wide range of applications in public
health emergencies, providing rapid and timely detection results for related depart-
ments of disease control. At present, public health emergencies occur frequently in
worldwide. The further improvement and promotion of UPT-POCT technology will
provide more powerful technical support for the effective prevention and control of
public health emergencies.
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Chapter 14
Application of UPT-POCT in Import
and Export Quarantine

Yanzhao Li, Honggang Zhang and Pingping Zhang

Abstract The objectives of port inspection and quarantine are to screen a large
number of people for many types of diseases within a short window of time, deal with
infectious diseases, respond to public health emergencies and bioterrorism attacks,
and safeguard major international activities. UPT diagnostic reagents are accurate,
low cost, easy to operate, easily mastered by short-term training, and allow instant
detection without complex sample treatments. The UPT detection kits for antibodies
against Zika virus, Y. pestis, antibody against Y. pestis, and Ebola virus have been
used by the entry–exit inspection and quarantine bureaus for training and application
in many areas in China.

Keywords Port · Inspection · Quarantine · UPT detection kit · Infectious diseases
Import and export inspection and quarantine institutions are part of the national
defense in the field of public health. They strictly control the spread of high-risk
infectious diseases among the border ports to ensure the health of personnel and
sustain normal international trade. The entry–exit Health Quarantine Departments at
each administrative level focus on carrying out proactive and preventive quarantine
inspections; conducting inspections of entry–exit personnel and international navi-
gation vehicles, baggage, cargo, and postal parcels; and conducting disease surveil-
lance and health supervision at border ports (Wang 2004). Suspected infections from
epidemic areas must be isolated and observed, and bags, containers, vehicles, or
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articles suspected of being contaminated must be treated to prevent the possible
spread of contamination (Switzerland 2005). In China, the law enforcement admin-
istrative department for quarantine, certification, and standardization of entry–exit
commodities, health, animals and plants, and import and export of food, is the Gen-
eral Administration of Quality Supervision, Inspection and Quarantine (AQSIQ).

14.1 Detection in Port Quarantine

In the 14th century, world pandemics of infectious diseases, such as plague and
cholera, and the growth of marine navigation, led to the implementation of the first
international health quarantine practice (Yang 1995). Italy was the first country to
stipulate that only foreign ships that had been berthed for 40 days at sea and had no
morbidity among crew members could enter its ports, and it demanded disinfection
of products that any patients had come into contact with. This type of sanitation
inspection measure plays a major role in controlling epidemics. The term “quar-
antine” is derived from the Latin word “quarantum”, which means “40 days” (Li
2000). By the beginning of the 20th century, health quarantines for land routes had
also been developed based on those that applied at ports, and International Health
Regulations (revised in 2005) had replaced regulations created by individual coun-
tries or by mutual agreements (Wang et al. 2011). China’s port health quarantine
originated from quarantine measures implemented by Shanghai and Xiamen Cus-
toms during the 1873 cholera pandemic (Yang 1995). By the time of the Second
Sino-JapaneseWar in 1937, China’s frontier health quarantine attained a world-class
standard, requiring quarantine for cholera, smallpox, yellow fever, and typhus (Wang
2009a). The Frontier Health and Quarantine Regulations of the People’s Republic of
China were issued in 1957, making a substantial contribution to the eradication of
smallpox, as well as prevention of plague and cholera. Since the Chinese Economic
Reform, port health quarantine has the integrated functions of quarantine inspection,
disease detection, and health supervision (Wang 2009b).

The main objective of port quarantine is to screen a large number of people for
many types of diseases within a short window of time. In addition to routine inspec-
tion and administrative enforcement for personnel, animals, plants, and food, port
quarantine must also monitor infectious diseases and respond to public health emer-
gencies and terrorist attacks. (1) Conventional quarantine is essential. For example,
in the Middle Ages, with no conventional quarantine, many epidemics broke out on
the European continent over a long period of time, resulting in a large number of
deaths (Gao 2003).Modern routinemedical inspections for entry–exit passengers can
impede the transmission of diseases to the greatest possible extent (He et al. 2004). (2)
The port quarantine office is at the forefront of preventing invasive harmful factors;
however, infectious diseases in the latent period often have no symptoms. Therefore,
the enforcement activities of the health and quarantine departments are primarily
based on detection technology (Lei et al. 2007). (3) Global public health issues are
involved. Infectious diseases that are now controlled in developed countries are still
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prevalent in developing countries and become potential sources for global infection.
Large-scale tourist flows lead to the movement of microorganisms, and microorgan-
isms that are not pathogenic to a particular race may cause diseases in other races. In
addition, international trade and bird migration have further exacerbated the global
threat of infectious diseases (Liu and Kuang 2007).

14.2 Demand for Development in the Field of Port
Inspection and Quarantine

14.2.1 Three Functions of Port Inspection and Quarantine

The primary objective of port inspection and quarantine is to deal with infectious dis-
eases. According to the World Health Organization, 32 new infectious diseases have
been identified since the 1980s, including Acquired Immunodeficiency Syndrome
(AIDS), cholera caused by V. cholera O139, and enterohemorrhagic diseases caused
by E. coli O157:H7. Controlled infectious diseases have also been reemerging, such
as plague, cholera, malaria, and tuberculosis (Zhou and He 2003). In addition, some
rare infectious diseases have spread, such as Ebola hemorrhagic fever, Lhasa fever,
and human Creutzfeldt-Jakob disease.

The second major task of port inspection and quarantine is to respond to public
health emergencies and bioterrorism attacks (Xu and Huang 2007). Public health
emergencies at border port inspections and quarantine include outbreaks of serious
epidemic diseases, mass diseases of unknown origin, and grave poisoning incidents
(Kong and Zhang 2008). Bioterrorism attacks (such as the mail attacks involving
B. anthracis spores in the United States in 2001) can be very harmful, and they are
often concealed and sudden, causing panic and resulting in lasting psychological
effects. Port inspection and quarantine is an important line of defense for effectively
intercepting such attacks.

The other major role of port inspection and quarantine is to safeguard major
international activities. It is necessary to strengthen port inspection and quarantine
during large-scale international events, such as the Olympic Games, World Expo,
and Asian Games.

14.2.2 Port Inspection and Quarantine Demand
for Detection Technology

The large quantities of items in port inspections and quarantine institutions must be
screened within a short time frame; however, the detection equipment and resources
are often basic and the staff lack high levels of specialized knowledge (Lei et al. 2007).
These circumstances necessitate the application of detection methods, equipments,
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and reagents that are accurate, low cost, easy to operate, easilymastered by short-term
training, and allow instant detection of results. In addition, the equipment should be
small, and allow direct detection without complex sample treatments.

14.3 Up-Converting Phosphor Technology

14.3.1 UPT Test Kits Developed for Port Inspection
and Quarantine

UPT test kits have been developed for port inspection and quarantine for detec-
tion of bacterial and viral infectious diseases, such as plague and Zika. Using up-
converting phosphor nanoparticles (UCNPs) as bio-tracers for immunochromatog-
raphy, the optical signal derived from the immune reaction can be collected and
analyzed by up-converting phosphor technology (UPT), leading to accurate quanti-
tative detection results. The components of a test kit include a test strip, bottles of
sample treatment buffer, plastic droppers, cotton swabs, and instructions. The kit can
be stored at 4–30 °C, and the period of validity is 18 months. The detection processes
are as follows: (1) Unpack the test strip from the aluminum foil packaging and place
on a flat surface. (2) Write the number of the sample on the shell of the test strip. (3)
Mix the sample with sample-treatment buffer. (4) Add 100 µl of the treated sample
to the well and wait for 15 min. (5) Place the strip in the UPT biosensor to obtain the
results.

14.3.2 UPT Test Kit for Diagnosis of Plague

Plague is a serious infectious disease caused by Y. pestis, which is characterized by
acute onset, high infectivity, and high mortality. It is a Class A infectious disease,
as designated by the Law of the People’s Republic of China on the Prevention and
Treatment of Infectious Diseases. The three world pandemics of plague in history
were profound disasters for mankind. Plague is a natural epidemic disease, with 17
provinces of natural foci in China. In 2000, plague was recognized by the World
Health Organization as a re-emerging disease, and the International Health Regu-
lations (2005) declared the disease as an international quarantine infectious disease
(Cong and Zhang 2009; Li et al. 2009). Currently, the UPT detection kits for Y. pestis
and antibodies against Y. pestis are used for diagnosis of plague based on the double
antibody or antigen sandwich method.
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14.3.3 UPT Test Kit for Diagnosis of Zika

Zika virus disease is a self-limiting acute infectious disease caused by the Zika
virus (Gubler andMarkoff 2007), which is mainly transmitted by Aedes mosquitoes.
The main clinical symptoms are fever, rash, joint pain, and conjunctivitis, which
rarely cause death; but Zika virus has attracted international attention owing to its
relation to neonatal microcephaly and other neurological diseases (Schulerfaccini
2016). Up to February 2016, Zika virus had emerged in more than 40 countries and
regions, with Brazil being the most affected country (Dick et al. 1952; Hayes 2009;
Duffy et al. 2009; Ioos et al. 2014; Petersen et al. 2016; Tappe et al. 2013). China’s
Health Planning Commission has formulated the “Zika virus disease prevention and
control program” and “Zika virus disease diagnosis and treatment program”. Cases
of imported Zika virus infection have been detected in China. AQSIQ has put a
strong emphasis on the prevention and control of Zika virus disease in ports, which
has strengthened the epidemic prevention effectively preventing the import of Zika
virus disease.

The UPT detection kit for IgM antibodies against Zika virus is used for the qual-
itative detection of Zika virus IgM antibody in serum and plasma samples. The test
line (T) of the nitrocellulose (NC) membrane of the strip is coated with recombi-
nant antigen of Zika virus, and the control line (C) is coated with goat anti-rabbit
IgG. During chromatography, the detected antibody in the sample is first bound by
the UCNPs-rabbit anti-human IgM antibody complex, which is then captured by
the T-band to form a recombinant antigen of Zika virus-IgM antibody-rabbit anti-
human IgM antibody-UCNPs complex. A goat anti-rabbit IgG-rabbit anti-human
IgM antibody-UCNPs complex is formed in the C-band.

14.3.4 UPT Test Kit for Diagnosis of Influenza

Influenza caused by H5 subtype influenza virus is primarily transmitted through the
respiratory tract, and can also be spread through intimate contact with poultry and its
secretions and excretions, as well as through water contaminated with viruses. H5N1
is a highly pathogenic avian influenza virus. H5N1 was first discovered in a human
specimen in 1997. The Law of the People’s Republic of China on the Prevention
and Control of Infectious Diseases lists human infection highly pathogenic avian
influenza as a Class B infectious disease, but specifies that the prevention and control
measures appropriate for Class A infectious diseases should be applied if there is an
outbreak.

The UPT detection kit for H5 subtype influenza virus is used for qualitative
detection of influenza A virus in nasal or throat swab samples. This detection kit
is based on the double antibody sandwich method. The test line (T) of the NC
membrane of the strip is coated with antibody against H5 subtype influenza virus,
and the control line (C) is coated with goat anti-mouse IgG. During chromatography,
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the antigen of interest is first bound by the UCNPs-antibody against H5 subtype
influenza virus complex, which is then captured by the T-band to form an antibody-
antigen-antibody-UCNPs complex. Goat anti-mouse-antibody against H5 subtype
influenza virus-UCNPs complexes were formed in the C-band.

14.3.5 UPT Test Kit for Diagnosis of Ebola

Ebola hemorrhagic fever caused by Ebola virus is a serious infectious disease with
a mortality rate of more than 50%, is highly contagious, and there is no relevant
vaccine (Liu et al. 2012; Bente et al. 2009). The Ebola virus is classified as a class
four high-risk virus by the World Health Organization, and the live virus must be
handled in a level four biosafety laboratory (Xu and Qin 2010). According to the US
Centers for Disease Control and Prevention, Ebola hemorrhagic fever is defined as
a Class A disease, and Ebola virus is considered a potential biological warfare agent
(Pourrut et al. 2005). The outbreak of Ebola hemorrhagic fever involved many parts
of Africa (Pourrut et al. 2005; Colebunders and Borchert 2000; Peters and LeDuc
1999), and a large-scale outbreak occurred in West Africa in 2014.

AUPT detection kit for Ebola virus is used for qualitative detection of Ebola virus
in serum and plasma samples. This detection kit is based on the double antibody
sandwich method. The test line (T) of the NC membrane of the strip is coated with
antibody against Ebola virus, and the control line (C) is coated with goat anti-mouse
IgG. During chromatography, the antigen of interest is first bound by the UCNPs-
antibody againstEbola virus complex,which is then capturedby theT-band to forman
antibody-antigen-antibody-UCNPs complex. Goat anti-mouse IgG-antibody against
Ebola virus-UCNPs complexes are formed in the C-band.

14.4 Application

14.4.1 Current Detection Methods

Taking the diagnostic criteria for plague (ws 279–2008, Health Industry Standard
of the People’s Republic of China issued by the Ministry of Health) as an example,
the current methods for detecting infectious diseases include clinical examination,
isolation and identification of bacteria, polymerase chain reaction (PCR) detection,
colloidal gold immunochromatography assay, enzyme-linked immunosorbent assay
(ELISA), and reversed phase blood coagulation testing. (1) Clinical examination: the
symptoms include high fever, rapid increase of white blood cells, chest pain, hemop-
tysis, and bloody diarrhea. However, the clinical symptoms of infectious diseases are
similar to those of other causes. For precise diagnosis, clinical examination should
be supported by an additional detection method. (2) Isolation and identification of
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Table 14.1 List of the UPT detection kits used in entry–exit inspection and quarantine bureaus

No. Department Product name Location

1 Wenshan entry–exit inspection
and quarantine bureau

UPT detection kit for IgM
antibodies against Zika virus
UPT detection kit for Y. pestis

Tianbao port

2 Honghe entry–exit inspection and
quarantine bureau

UPT detection kit for IgM
antibodies against Zika virus
UPT detection kit for Y. pestis

Jinshuihe port

3 Pu’er entry–exit inspection and
quarantine bureau

UPT detection kit for Ebola virus Meng’a port

4 Mengla entry–exit inspection and
quarantine bureau

UPT detection kit for antibodies
against Y. pestis
UPT detection kit for Y. pestis

Mohan port

5 Xishuangbanna entry–exit
inspection and quarantine bureau

UPT detection kit for IgM
antibodies against Zika virus
UPT detection kit for antibodies
against Y. pestis

Daluo port

6 Ruili entry–exit inspection and
quarantine bureau

UPT detection kit for antibodies
against Y. pestis

Jiegao port

7 Ruili entry–exit inspection and
quarantine bureau

UPT detection kit for antibodies
against Y. pestis

Wanding port

bacteria: taking blood, pus, sputum, cerebrospinal fluid, lymph node puncture, and
other materials for inspection, isolation of Y. pestis in combination with positive
results for the Y. pestis phage lysis test provides bacteriological determination. In
addition, injected test animal death and re-isolating the bacteria in the dead animal
are used for determination of the highly virulent strains of Y. pestis. The isolation
and culture of bacteria method is the gold standard for pathogen diagnostics, how-
ever it is time-consuming. (3) For PCR detection, the fra and pla gene fragments
specific for Y. pestis are used as the target genes for amplification. PCR detection
can give a diagnosis result within a few hours; however, the detection accuracy is
highly dependent on the quality of the extracted target DNA. False positive results are
often generated when PCR is applied in on-site testing. (4) The ELISA method can
detect antibodies and antigens. Continuous washing steps ensure the specificity of
the detection, but increase the risk of bacterial spread. (5) The results of the colloidal
gold immunochromatography assay can be obtained in 15 min by simply loading
the sample onto the strip, and the sensitivity is acceptable. (6) The reversed-phase
hemagglutination test is an agglutination test of suspected serum using blood cells
sensitized to antibody against the F1 antigen of Y. pestis F1, and the detection is rapid
but the sensitivity is low.
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14.4.2 The Application of UPT at Ports

TheUPT detection kit is similar to the colloidal gold immunochromatographic assay.
Its stronger tolerance for complex samples is a result of the enhanced bio-label
performance of UCNPs compared with colloidal gold particles. The UPT detection
kit for antibodies against Zika virus, Y. pestis, antibody against Y. pestis, and Ebola
virus has been used by the entry–exit inspection and quarantine bureaus for training
and application in many areas in China (Table 14.1).
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Chapter 15
Application of UPT-POCT in Detection
of Drugs

Yanzhao Li, Yin Zhang and Pingping Zhang

Abstract Drugs are chemicals, anesthetics and stimulantswith the addiction, includ-
ing morphine, methamphetamine, tetrahydrocannabinol, ketamine, and methcathi-
none, etc. Due to the global expanding drugmarkets and drug driving problems, rapid
screening detection has been performed for many countries. The detection windows
of different test samples are different, such as urine, saliva, and hair. UPT-LF is of
high safety, stability for preservation of evidence, accuracy with low false positive
rate, portability, easily operating, and it has been widely used for detection of drugs
from urine, saliva and hair samples in preliminary screening test for drug abuse.
The commercial UPT-POCT reagents have been applied for detection of ketamine,
methamphetamine, morphine, tetrahydrocannabinol, and carbamazepine, while the
first three test reagents have obtained registration certification of the CFDA Class III
medical device.

Keywords Drug abuse · Drug driving · Detection widow · Preliminary screening ·
UPT-POCT
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15.1 Characteristic of Drug Detection

15.1.1 Denomination of Drug

Drugs are chemicals, anesthetics and stimulants with the addiction, such
as amphetamine-like drug (including methamphetamine, methylene dioxy-
methamphetamine, etc.), opioid (including diamorphine, morphine, etc.), cannabis
and ketamine. The characteristics of drugs are dependency, tolerance, high hazard-
ness and illegal. Drug abuses of neotype of drugs by synthesis are much more than
the traditional ones.

15.1.1.1 Morphine

Morphine (MOP) is an opioid receptor agonist, which accounts for about 4 to 21
percent of the opioid. Although morphine is a commonly used anesthetic in clinical
practice because of its strong analgesic effect, it is easily addictive. Long-term use
can lead to physical and psychological dependence, causing great harm to health.
Heroin is an important derivative of morphine, namely morphine diacetate.

15.1.1.2 Methamphetamine

Methamphetamine (MET) is an extract or derivative of poppy gum with a molec-
ular formula of C10H15N and a molecular weight of 149. Its structural analogs are
amphetamine and methylene dioxy-amphetamine (MDMA) etc. Methamphetamine,
also known as ice and vigorous pills, has a pure white crystal appearance. When
used as a drug, its forms are usually powder, liquid or pill. Methamphetamine has a
strong stimulating effect on the central nervous system of the human body. Strong
mental and physical dependences are generated after importation, reducing physical
strength and immune function and seriously damaging hearts and brains, even leading
to death. MDMA is a new type of amphetamine-like drug that has a stronger magical
effect. 30 mg of methamphetamine can cause poisoning for the general population,
but doses above 2000 mg can show excitatory effects for long-term abusers.

15.1.1.3 Tetrahydrocannabinol

Tetrahydrocannabinol (THC), also known as�9-tetrahydrocannabinol (�9-THC) or
dronabinol, is a chemical synthetic drug. It is a major cannabis drug with strong hal-
lucinogenic effect and psychology dependence, however body dependence is slight
and tolerance is not easy to produce, therefore its harmfulness is relatively light
compared with morphine and methamphetamine.
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15.1.1.4 Ketamine

Ketamine (KET), commonly known as K powder, belongs to non-opioid anesthetic
drugs. After importation, ketamine can cause separation of consciousness and sen-
sation. It is characterized by stiffness, superficial sedation, forgetting and significant
analgesia, and can show hallucinations, pleasures and violent tendencies.

15.1.1.5 Methcathinone

Methcathinone is a synthetic compound and usually imported in the formof a powder.
Its addiction intensity is slightly weaker than that of methamphetamine. For first
importation, 0.5 g of methcathinone can cause strong excitement and sleep loss. The
abuse of methcathinone can cause many adverse consequences such as delusions,
anxiety and abdominal pain, which cause serious damages to human health.

15.1.2 The Detection Character of Drugs

Drug abuse threatens human health, social stability and economic development
around the world, becoming one of the most serious social problems. The World
Drug Report in 2018 shows that the global drug market is expanding, and the num-
ber of deaths directly caused by drug abuse increased by 60% worldwide from 2000
to 2015. On June 25, 2018, “Report on China’s Drug Situation in 2017” issued by the
China National Narcotics Control Commission stated that China has solved 140,000
drug criminal cases and captured 892,000 tons of various types of drugs in 2017,
therefore drug crimes had been effectively controlled, however the situation is still
quite serious.

The circulation of drugs has seriously threaten people’s living, and drug driving
has become the next most dangerous activity besides driving after drinking (Ver-
straete et al. 2011; Xiang et al. 2016). An important part of the anti-drug work is
the control of drug users, while detection of urine has been used as a routine mean
for many years. Drug detection technology can effectively identify drugs and drug
users and monitor the processes of drug rehabilitation, playing an important role in
inhibiting drug abuse and epidemics.

Thedetectionwindows for different samples are different. Takemethamphetamine
as an example, methamphetamine in saliva mainly exists in the form of the original
drug and has a high correlation with concentration of drugs in blood, which can
be detected within half an hour to one day after importation. Although metham-
phetamine can be absorbed in the stomach and intestines, most of it is excreted in the
form of the original drug in urine, and the half-life is 3–7 days. Because of a relatively
low period for urine test, some drug addicts evade the inspection of community drug
rehabilitation workstations by suspending importation four days before detection.
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Therefore, in addition to urine and saliva, the detection of hair is also critical for the
identification of drug addict (Shen et al. 2014).

15.2 Requirement for Drug Detection

Due to the great harm caused by drug driving, programs for rapid screening detec-
tion on the roadside have been established in many countries to effectively stop that
behavior. At present, the composition and content must be provided for punishment
measurement in the investigation and judge stage of drug-related crime cases, there-
fore, the rapid and quantitative detection of drugs is critical. The samples for drug
testing are mainly urine, blood, saliva, hair and sweat etc. (Fabritius et al. 2013; Sar-
ris et al. 2014), while tissues and organs in special cases. Sometimes, the sources of
drugs should be traced. Sensitive, efficient, accurate and fast drug detection methods
for screening are required.

15.3 UPT-POCT for Drug Detection

15.3.1 Principle of UPT-POCT for Drug Detection

Because drugs are small molecules, UPT-POCT detections for drugs are based on
competition method. First, the UCP particles were coupled with monoclonal anti-
bodies against drug and sheep IgG antibodies to prepare a conjugation pad of the
strip. The detection band (T band) on NC membrane was coated with drug anti-
gens, and the control band (C band) was coated with rabbit anti-goat antibodies.
When the sample is dropped into sample well of the strip, the liquid is pulled up by
the capillary force. The drug antigens in the sample are combined with the UCP-
monoclonal antibody against drug complex during the chromatography, while the
remaining UCP-monoclonal antibodies complex can be bind to the drug antigen
coated on T band to from solid phase drug antigen-monoclonal antibodies-UCP
complex, namely, the drug antigen in the sample competes with the drug antigen
coated on the T band. Whether containing of drug antigens in sample or not, rabbit
against goat-goat IgG-UCP complex is formed on C band.

The visible light signals can be generated by UCP particles under the excitation
light of 980 nm, while the ratio of signals on T and C band (T/C) is used as a detection
result. The concentrations of drugs in sample are inversely proportional to the T/C
values. The strip can be analyzed by UPT biosensor, whether the sample contains
drugs or not can be determined through comparison between the detection value and
cutoff.
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15.3.2 Technology Advance of UPT-POCT for Drug
Detection

Colloidal gold strip reagent for urine detection is the earliest POCT reagent for rapid
detection of drug, and it is widely used by the police. However, it bring confusion
for the anti-drug work due to the high false positive rate, un-stability, incapability for
quantitation, and subjective deviation caused by artificial color judgement, as well as
difficulty for results preservation. UPT-POCT methods for rapid detection of drugs
in urine overcome the above-mentioned shortcomings of colloidal gold detection
reagents.

15.3.2.1 High Safety

The inorganic inert luminescent materials, as well as signal acquisition methods by
infrared light excitation and visible light emission, make sure that UPT-POCT is not
harmful to the relevant personnel and environment for detection on site.

15.3.2.2 The Uniqueness of Evidence

The results of drug testing, as physical evidence, need to be highly unique. The
results of colloidal gold immunochromatographic assay are judged by naked eyes
which can be easily interfered and counterfeited by humans. The luminescence phe-
nomenon of UCP is a purely physical process generated by the internal structure, and
its self-luminous performance is stable, avoiding the influence of various complex
components in saliva, urine and hair on the detection of UPT-POCT in drug detec-
tion. A variety of samples can be directly tested after simple treatment, such as urine,
saliva and hair. Therefore, the technical barriers for UPT-POCT play an important
role for difficulty for fraud, and it can be used as a unique evidence.

15.3.2.3 High Accuracy and Specificity

The accuracy of colloidal gold detection method is easily influenced by the observer,
the color of sample, pH value and the component of sample. For UPT-POCT, the
sensitivity is high enough and up to the nanogram per milliliter, and specificity is
excellent, due to the up-conversion luminescence of UCP particles with no back-
ground interference. Based on the result analysis and built-in standard curve by UPT
biosensor, the detection is accurate.
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15.3.2.4 Portability, Easily Operating, and Data Analysis

The UPT biosensor is compact and portable, with a weight of less than 3 kg. It is
equipped with a touch screen and is easy to operate. The test result can be directly
printed by the built-in printer or transmitted to the computer terminal for data analysis.
The instrument can store up to 3000 test results.

The UPT biosensor can be supported by internal battery or external power supply,
which is suitable for application on site. It can be used under the conditions of
temperature 10–30 °C and humidity below 90%, and can be used at sea level of up
to above 5000 m. In addition, UPT biosensor is equipped with a portable protective
case for easy carrying.

15.3.3 Extensive Application of UPT-POCT for Drug
Detection

For on-site rapid screening test, UPT-POCT can give qualitative results in 2 min
for the samples of saliva, urine and hair, and further quantitative detection can be
performed for suspected drug addict. For the analysis of corrupt biological sam-
ples, metabolites of drugs can be analyzed. For laboratories of hospital or provincial
and municipal anti-drug department, the components and contents of drugs can be
determined by UPT-POCT. It is also used for monitoring of drug addict in drug
rehabilitation centers, as well as health examinations for military or special industry
recruitment etc.

15.4 Application of UPT-POCT

15.4.1 Current Detection Methods for Drug Detection

The test methods are different for the types and the forms of drugs, as well as the
detection objective. The extensively used methods are described as follows.

15.4.1.1 Routine Chemical Analysis Method

Suspicious drugs can be classified by routine chemical analysis method, usually by
colorable reaction. Although simple and rapid, it has the disadvantages of low sen-
sitivity, large detection error, and relatively subjective judgment for results analysis
by the naked eye.
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15.4.1.2 Thin-Layer Chromatography

This method is applicable to the grassroots public security institution because of
simple operation, economical and practical. With thin-layer scanning, the types and
components of drugs can be determined (Kuwayama et al. 2012).

15.4.1.3 Analysis Method Based on Large-Scale Instruments

The analysis method based on large-scale instruments is suitable for the analysis
and identification of drug samples as evidence. Isolation and identification can be
effectively performed using high-performance liquid chromatography or gas chro-
matography as separationmethods, spectrum analysis (such as infrared spectroscopy,
laser Raman spectroscopy and chemiluminescence analysis) or mass spectrometry
as analysis methods, and data database as analysis means. The analysis method based
on large-scale instrument has the advantages of high sensitivity, robustness for inter-
ference, and accurate quantification for each component of complex. However, due to
the expensive instrument and high profession, it is mainly used as laboratory method,
and not suitable for drug detection on sites (Rodrigues et al. 2008).

15.4.1.4 Capillary Electrophoresis Method

Capillary electrophoresis can provide basis data for the qualitative and quantitative
determination of drugs. It included capillary zone electrophoresis and non-aqueous
capillary electrophoresis, while the former can give quantitative results for heroin,
methamphetamine and ecstasy, and the latter can analyze drugs with poor water
solubility, such as alkaloids in opium. Capillary electrophoresis has the advantages
of high efficiency, economy and requirement of trace sample volume, but separate
selection and long-term automatic detection restrict its application (Isbell et al. 2015;
Mikuma et al. 2015).

15.4.1.5 Immunological Analysis Method

Immunological analysis method is a preliminary screening method and must be con-
firmedbyothermethods, and it is generally used as on-site testingbygrassroots public
security department (Teerinen et al. 2014). Immunoassaymethod employs antibodies
for detection of drugs, such as morphine, amphetamine, heroin and cannabis. With
excellent specificity, immunological chromatography is especially suitable for rapid
detection of drugs on site because it is simple, fast (≤20 min), portable and easy
to operate, such as colloidal gold immunochromatography and UPT-POCT method.
Merely qualitative detection or semi-quantitative detection through color comparison
is the disadvantage of colloidal gold immunochromatography. Quantitative results
can be generated and directly printed by UPT-POCT (Hu et al. 2018) for detec-
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tion on site, while suspected drug addict can be required to sign on the paper with
printed results, making good service for law enforcement and greatly enhancing the
confidence of law enforcement personnel.

15.4.2 Application of UPT-POCT for Drug Detection

15.4.2.1 UPT-POCT Reagents for Drug Detection

UPT-POCT is widely used in the preliminary screening test for drug abuse. UPT-
POCT reagents for detection of ketamine, methamphetamine, morphine, tetrahydro-
cannabinol, and carbamazepine have been successfully developed, while the first
three test reagents have obtained registration certification of class III medical device
of China Food and Drug Administration (CFDA) (Table 15.1). There are mainly
three sample types, including urine, hair, and saliva, and urine is the most widely
used. At present, UPT-POCT projects for detection of drugs have been widely used
in customs, border inspection, commodity inspection and other fields, especially in
various law enforcement sites, such as marine anti-smuggling drugs activity. As the
first rapid detection reagent for accurate quantitative detection of drugs in China,
UPT-POCT plays a significant role in drug detection at primary level and first-line
law enforcement.

The parameters of the reagents are described based on the three reagents obtained
class III medical device certificate of the CFDA. (1) Expect usage is quantitative
detection of drugs in saliva, urine or hair samples using competition method in pri-
mary screening of drug abuse. (2) Main components: UPT-POCT detection card,
hair lysate solution or saliva collector. (3) Storage: Store at room temperature and
the period of validity is 18 months. (4) Adaptation instrument: UPT biosensor (UPT-
3A series); (5) Detection: 100µL of the treated sample is applied and wait for 15min
at room temperature, the analysis time of UPT biosensor is less than 30 s; (6) Data
analysis: Directly print the result report, or transmit the report to a computer terminal
for data analysis; (7) Threshold and Specificity: The thresholds of UPT-POCT for
various drugs in various samples were set mainly referring to the US Drug Abuse
and Mental Health Services Administration and “Determination of amphetamine-

Table 15.1 UPT-POCT products for detection of drugs

No Product Product registration numbera

1 UPT-POCT detection kit for ketamine 20173403282

2 UPT-POCT detection kit for methamphetamine 20173403284

3 UPT-POCT detection kit for morphine 20173403283

4 UPT-POCT detection kit for tetrahydrocannabinol –

5 UPT-POCT detection kit for carbamazepine –

aApproved by State Food and Drug Administration
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Table 15.2 Threshold for UPT-POCT products

Detection target UPT-POCT product Concentration for positive suggestion
(ng/mL)

Ketamine/methamphetamine Reagent for urine ≥1000

Reagent for saliva ≥50

Reagent for hair ≥0.5

Morphine Reagent for urine ≥300

Reagent for saliva ≥15

Reagent for hair ≥0.2

type stimulants, dolantin and ketamine in biological samples” in China Judicial
Identification Technical Specification (SF/Z JD0107004-2016) (Table 15.2). UPT-
POCT shows excellent specificity for naltrexone, buprenorphine pseudoephedrine,
benzoylecgonine, diazepam, methadone, tramadol, gatifloxacin, codeine, aspirin,
ethanol, glucose, and phenobarbitone at concentrations of 100 µg/mL, as well as
50 µg/mL of ranitidine, procaine and naloxone.

15.4.2.2 Pre-treatment of Different Sample for UPT-POCT

For pretreatment, saliva sample was collected using a saliva collector at no less
than the position of the tick mark. 100 µL or 4 drops of saliva was drawing using
a disposable pipette, and then add to the tube containing saliva sample treatment
solution (0.01M PB), finally mixed by blowing for 10 times. Samples should be used
as soon as possible after collected, it can be stored for 48 h at 2–8 °C if the test cannot
be performed in time.

Urine sample can be directly used for detection if it is not turbid. Turbid urine
sample should be centrifuged at 1000–2000 rpm for 3–5min and the supernatant will
be used for detection. Samples should be used as soon as possible after collection,
while they can be stored for 48 h at 2–8 °C or at −20 °C for no more than 3 months
with no more than 3 times of freeze-and-thaw.

For pretreatment of hair samples, the hairs should be cut into 1–2 mm segments
using scissors; take an appropriate amount of shredded hair samples in a tube with
hair extract solution (0.01 MPB). After ultrasonic treatment for five minutes, cen-
trifugation at 1000–2000 rpm for 3–5 min will be performed, and the supernatant is
taken for detection.



210 Y. Li et al.

15.4.3 Application Prospect of UPT-POCT for Drug
Detection

Currently drug detection reagents of UPT-POCT can comprehensively detect mor-
phine, methamphetamine, ketamine and other drugs in saliva, urine and hair samples,
and the detection types can be broadened at any time. The UPT-POCT test method
can be performed less than 20 min with simple sample treatment, while the detec-
tion limit completely exceeds that required in the international standard. The drug
detection system of “urine, saliva, and hair” has truely realized multi-dimensional
and rapid screening on site, improving the accuracy of law enforcement on-site in
anti-drug work. UPT-POCT will be useful in the fields of drug detection, forensic
toxicology, clinical toxicology and stimulant detection.
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Chapter 16
Application of UPT-POCT
in Anti-bioterrorism and Biosecurity

Pingping Zhang

Abstract With the exception of toxins, bioterrorism agents are mainly microor-
ganisms, many of which cause serious infectious diseases. Up-converting phosphor
technology-based point-of-care testing (UPT-POCT) can detect bioterrorism agents
fromvarious sampleswith high sensitivity and specificity, in particular it shows robust
performance for complicated samples, such as food, powder, viscera and grains. The
tolerance of UPT-POCT to sample is based on the physical and luminescence sta-
bility of UCNPs, the stable covalent interaction between UCNPs and antibody, as
well as the strong buffering capacity of the detection system. Reliable results can be
obtained in a short time period using a portable biosensor by nonprofessionals owing
to the simple nature of UPT-POCT operation and sample pre-treatment.

Keywords UPT-POCT · Bioterrorism agents · Operational safety · Performance
evaluation

16.1 Introduction

Bioterrorism is an activity threatening public health with violence using biological
methods for political or other purposes, while biological warfare is a military activity
involving biological weapons. The pathogenicmicroorganisms or toxins in bioterror-
ism and biological warfare, termed biological warfare or bioterrorism agents (Porche
2002), can not only attack the susceptible human populations, but also susceptible
animals and plants, causing significant economic losses. In addition, the widespread
distribution of pathogenicmicroorganisms or toxins in natural reservoirs is a potential
threat as a trigger of public health emergencies.

Significant attention has been focused on bioterrorism since theB. anthracis spore
attack that followed the events of ‘9.11’ in the USA (Gouvras 2002), while people are
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also scared by frequent outbreaks of infectious disease in natural foci, such as plague
and anthrax. Accurate detection and identification of the relevant microorganisms
and toxins in routine surveillance or during public health emergencies, is the main
line of defense for public security.

16.2 Overview of Bioterrorism Agents

16.2.1 Categories of Bioterrorism Agents

The great variety of bioterrorism agents were determined and defined by contracting
parties to the Biological Weapons Convention in 1996, and slight changes have been
made in subsequent meetings. Some bioterrorism agents, such as Yersinia pestis,
Bacillus anthracis, Brucella spp., and Coxiella burnetii, are zoonotic pathogens that
survive in reservoirs in natural foci and have become a potential long-term threat
to public health. In addition, some toxins used as bioterrorism agents can be easily
obtained from organisms in nature. With the development of molecular biology, new
bioterrorism agents can be made by DNA recombination or cell fusion based on
existing agents.

With the exception of toxins, bioterrorism agents are mainly microorganisms,
such as bacteria, viruses, rickettsia, and chlamydiae. Some examples of bacterial
bioterrorism agents include Y. pestis (Prentice and Rahalison 2007), B. anthracis,
F. tularensis, Brucella spp., B. pseudomallei, V. cholerae, and S. typhi. Y. pestis
and V. cholerae are pathogens for plague and cholera, respectively, which are two
Class A infectious diseases as defined by the Law on Prevention and Treatment of
Infectious Diseases issued by the People’s Republic of China. Most viral bioterror-
ism agents are classified as RNA viruses, such as Marburg virus, Forest encephalitis
virus, Hanta virus, Human immunodeficiency virus, SARS coronavirus,MERS coro-
navirus, Ebola virus, Spanish flu virus, H1N1 flu virus, Avian flu virus, Hepatitis C
virus and Rabies virus; in contrast there are few DNA viruses, such as Hepatitis B
virus. Rickettsial bioterrorism agents include Coxiella burnetii, Rickettsia rickettsia,
and Rickettsia prowazekii among others, and they are strictly parasitic microorgan-
isms. Chlamydia psittaci are the main chlamydial bioterrorism agents and can infect
many bird species and humans. Biotoxin bioterrorism agents are noxious materials
secreted by live organisms, such as plants, animals, microorganisms and insects, and
are regarded as occupying the space between traditional biological and chemical ter-
rorism agents. Common biotoxin bioterrorism agents, botulinum toxin and S. aureus
enterotoxin, are secreted bymicroorganisms, while ricin and abrin are extracted from
plants. There are two categories of biotoxins, one group are proteins or peptides such
as ricin and abrin, and the other are small molecule toxins, such as afaltoxin and T-2
toxin (Wang 2011). Protein biotoxins combine an activity unit (unit A) and binding
site (unit B). Unit A is the functional domain and unit B promotes the introduction
of the toxin into cells.
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Based on pathogenicity, bioterrorism agents can be categorized into lethal and
incapacitating agents. Lethal bioterrorism agents have high mortality, for example,
the mortality of septicemic plague and pulmonary tularemia can reach 90% and
60%, respectively, in the absence of antibiotic treatment. Y. pestis, B. anthracis, F.
tularensis Type A, B. pseudomallei, Yellow fever virus, Smallpox virus, Rickettsia
rickettsii, Chlamydia psittaci, and botulinum toxin are all lethal bioterrorism agents.
Incapacitating bioterrorism agents can make people defenseless, examples include
Brucella spp. and Coxiella burnetii.

16.2.2 Common Transmission Routes of Bioterrorism Agents

Bioterrorism agents can be transmitted by air, food, and water, and some can be
transmitted person-to-person, such as Y. pestis (Begier et al. 2006), B. anthracis,
and Ebola virus. The bioterrorism agents disseminated through air can be made into
aerosols and threaten public health on a large-scale, examples include Rickettsia
rickettsii, Y. pestis (Agar et al. 2009), and B. anthracis (Estill 2009). Some zoonotic
pathogens can infect people through contact with infectious animals during slaughter
and leather treatment, and animal husbandry, as well as contact between people
(Begier et al. 2006). Transmission through food includes consumption of the meat or
milk of infected animals, for instance, people can be infected by V. cholerae through
contaminated seafood (Finelli et al. 1992). Water is also an important transmission
medium and is the main transmission route for V. cholerae (Hill et al. 2011). In
addition, some agents, for example, B. anthracis spore can survive in the silt at the
bottom of a riverbed for decades, and F. tularensis can survive in the cold water of a
river formonths (Chitadze et al. 2009), seeking the chance for outbreak. Transmission
media arthropods such as mosquitos, flies, lice, mites, and ticks, are widespread
in nature. The transmission media of Y. pestis, F. tularensis, yellow fever virus,
and Rickettsia przewalskii are flea, tick, mosquito and pediculus humanus corporis,
respectively.

16.2.3 Perniciousness and Diagnosis of Bioterrorism Agents

The suspicious incidents caused by bioterrorism agents can easily lead to public
panic because of their perniciousness. The misdiagnosis of the diseases caused by
bioterrorism agents, rapid deteriorations for acute and serious infectious diseases,
and the limitations of therapeutic means, all highlight the importance of preventing
the release of bioterrorism agents.

Low pathogenic dose, diversity of pathogenic types, high mortality or disability
rate, and the potential for widespread dissemination, are all characteristics of bioter-
rorism agents, as well as strong adaptability to the environment in the exposed zone
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resulting in long-term threat to public health. Several microorganisms can multi-
ply rapidly in vivo, causing serious diseases, for instance, the infectious dose of F.
tularensis type A is less than ten live cells. Bioterrorism agents attack the respiratory
tract, digestive tract, skin, blood, and glands. Many of the agents cannot be han-
dled by the immune system, and Y. pestis can even survive, proliferate and spread
in macrophages (Lukaszewski et al. 2005). Acute and serious diseases occur after a
short incubation period, often only several days. For instance, the symptoms of pneu-
monic plague include high fever, cold shivers, cough, chest pain, hemoptysis, and
dyspnea, followed by serious poisoning symptoms and death in two to four days.
The mortality of pneumonic and generalized plague is up to 30 ~ 60%. Brucella
spp. with anti-phagocytic capsules can proliferate in the lymphatic system and then
enter into the blood resulting in toxemia, and its ability to evade elimination by the
body results in long-term joint pain, fatigue, and disability, dramatically decreas-
ing the quality of life of the patient. The most catastrophic potential outcome is a
worldwide epidemic. Three historic large-scale plague epidemics caused 160million
deaths (Prentice and Rahalison 2007), seven historic cholera epidemics involved 100
countries, and brucellosis is prevalent in 170 countries.

Diagnosis can be based on epidemiological history, clinical syndromes, etiology,
and serology detection. Epidemiological history includes residency in the epidemic
areas or entrance into these areas in the last two weeks before morbidity, bites by
arthropods, and contact with or consumption of infected products or water. Clin-
ical syndromes of some bioterrorism agents appear in isolation, however agents
with many infection routes can cause various clinical syndromes. For example, the
main clinical syndrome of cholera is diarrhea, however at least six syndromes have
been found for tularaemia, including bubonic, pneumonic, gastrointestinal, and sys-
temic (typhoidal and septicemic) tularaemia. The similarity of clinical syndromes
between diseases caused by bioterrorism agents and by other factors, makes accurate
pathogenesis diagnosis more difficult for doctors when the etiology is unknown. For
example, patients with fever caused by F. tularensis are easily misdiagnosed with
influenza (Simsek et al. 2012), while there are no differences the in clinical syn-
dromes between pneumonia caused by F. tularensis or that arising from other causes
(Stralin et al. 2002). Misdiagnosis and delayed treatment are responsible for lack of
safeguard implementation and the subsequent dissemination of bioterrorism agents
in medical institutions. Therefore, etiology detection is critical for determining and
preventing infectious disease. However, the low numbers of pathogens in the ini-
tial stage of a disease are difficult to find by etiology detection, fortunately early
diagnosis based on the detection of antibodies in blood is a plausible approach in
practice.

16.2.4 The Therapy and Prevention of Bioterrorism Agents

Because of the great threat of bioterrorism agents to the lives of patients, essential
therapymust be administered in time to avoid death and poor prognosis. For instance,
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water and electrolytes must be administered to patients infected by V. cholerae in
time because severe dehydration and failure of microcirculation caused by diarrhea
often occur during the progression of cholera. The prognosis is usually poor owing
to the limited therapeutic means. Antibiotics are often excessively applied for saving
the lives of patients infected by bacterial bioterrorism agents, such as streptomycin
specific for plague and many antibiotics that are effective for tularaemia, however
the side effects of this therapy method are osteoporosis and joint injury.

Eliminating infection sources, cutting-off transmission routes, and protecting sus-
ceptible patients, are all methods for prevention and control of the spread of bioterror-
ism agents. Quarantine is essential for infectious bioterrorism agents, including iso-
lation of prime areas of disease outbreak, quarantine of patients and people who have
gone to countries with epidemics, conflagration and deep interment of cadavers, use
of disinfectant, and correct treatment ofmaterial from patients with high-temperature
and high-pressure. Individual and environmental defenses should be enhanced when
nursing and treating patients or infected animals, as well in the resulting treatment
of cultures in scientific research. Pre-inoculation of vaccines is a good prevention
method for protection of people in natural foci, doctors and scientific staff, for exam-
ple, vaccines or attenuate strains of Y. pestis, F. tularensis, and B. anthracis can
be inoculated by cutaneous scarification. However, no effective vaccine has been
obtained for some bioterrorism agents, such as Chlamydia psittaci. There are some
effective virus vaccines, such as Vaccinia vaccine (against Smallpox virus), Rabies
vaccines, Hepatitis B vaccines, and Hantavirus vaccine. However, mutated viruses
often emerge as RNA viruses, especially for retroviruses such as Human immunod-
eficiency virus, leading to some vaccine failure and the necessity for preparation of
new vaccines against the mutated virus.

16.3 Characteristics of Detection in Bioterrorism
and Biosecurity

Owing to the high pathogenicity of bioterrorism agents, as well as the high transmis-
sion capacity of microorganisms, essential isolation and protectionmeasures must be
carried out to ensure biosecurity during the process of detection. Prompt and accurate
testing favors the detection of suspicious substances, so that an emergency signal can
be issued or a false alarm can be revealed. In addition, multiplexed detections can
be applied to unknown pathogens to improve efficiency and reduce environmental
contamination caused by excessive operation.
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16.3.1 Operational Safety

Protective measures during the detection process are essential to ensure individual
and environmental security and prevent the spread of bioterrorismagents. Specialized
laboratories for pathogenic microorganisms, or detection vehicles on site equipped
with such laboratories are necessary for lethal bioterrorism agents. For detection
on site, operators should wear rubber gloves, surgical masks, hats, and protective
clothes. Isolation for patients and infected animals, and blockades of the contam-
inated region are essential. The screened suspicious matter should be sent to the
laboratory for further identification in a biohazard marked container that is water-
proof, breakage-proof, and high temperature and pressure resistant. According to the
national standard for laboratory security, the defense levels of bio-laboratories are
from 1 to 4. Experiments involving the most infectious bioterrorism agents must be
performed by professionals using a biosafety cabinet in a level 3 or 4 laboratory.
The measures for infection prevention in the laboratory include pre-inoculation with
vaccine, wearing protective clothes, using biosafety cabinets for culture and infective
material, high-pressure treatment for growth medium and contaminated gloves, as
well as sprinkling disinfectant in the biosafety cabinet.

16.3.2 Detection Accuracy and Detection Time

The detection limit, specificity, and tolerance of detection methods determine their
accuracy.

The detection limit for bioterrorism agents must be very low, ideally single cell,
because of their high pathogenicity in low dose and the high capacity for prolifera-
tion of some microorganism bioterrorism agents. Pre-incubation of microorganism
bioterrorism agents to increase detection rates is not permitted. Specificity is partic-
ularly critical for a detection method because there are incalculable microorganisms
and other organisms in nature. No specific reaction should occur for substances
or strains that share structural similarity, close genetic relatedness or similar trans-
mission routes with the targets. A detection method must be available for different
specimens within appropriate operational-error to ensure the stability. Various fresh
or decomposed animal tissues obtained in natural foci and the white powders used by
terrorists for concealment, such as flour, milk powder, and putty powder, are repre-
sentative of the complicated specimens that the detection method will be confronted
with. The errors brought by non-professional operation are also considered to ensure
the detection accuracy in practice.

In addition to safety and accuracy, detection time should also be shortened. A short
detection time is beneficial for therapy, cutting-off transmission routes, preventing
the dissemination of contamination, and promptly eliminating negative social effects.
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16.3.3 Multiplexed Detection

Multiplex detection has been developed to improve detection efficiency, and reduce
sample volumes and operational handling. Compared with the detection of individ-
ual targets, multiplex detection reduces the workload and shortens detection times.
In addition, multiplex detection can give results for many targets at once, there-
fore smaller sample sizes are sufficient, which is especially important for precious
low-volume samples. Less operational handling minimizes the possibility of con-
tamination of the inspector and environment with bioterrorism agents. Because of
difficulties arising from multiple reactions in one system and simultaneous multiple
signal extraction, multiplex detection still shows unsatisfactory performance in sta-
bility, anti-interference, and reproducibility. Despite these shortcomings, multiplex
detection is urgently required for identification of unknown pathogens and simulta-
neous detection of multiple pathogens in one sample because multiple bioterrorism
agents can be released in one sample, for example, Coxiella burnetii, Chlamydia
psittaci and Influenza virus have been combined into aerosols and applied for bio-
warfare.

16.4 Requirements for Detection
of Bioterrorism-Associated Agents

16.4.1 Field of Application

Bio-threats are becoming increasingly serious with developing technology because
of reductions in cost, and improved transmission and operation. Many bioterrorism
agents can be easily obtained from nature, such as zoonotic microorganisms from
natural hosts, and ricin and abrin, which are easily prepared from plants. Modern
fermentation technology promotes mass-production of microorganism bioterrorism
agents (Yang 2008), while many toxins can be synthetized using chemical methods.
Water, air conditioning systems, food, and letters have been used as the vectors for
bioterrorism agents in bio-attack incidents, and the agents can appear in the form of
powders and aerosols, amongst others.

The detection of bioterrorism agents includes surveillance in natural foci and
treatment for public health emergencies. Surveillance, especially for common infec-
tious disease, is an efficient measure for preventing disease outbreaks. The objects of
the monitoring are different depending on the sort of disease. For example, rodents
and fleas are natural reservoirs for Y. pestis (Prentice and Rahalison 2007); water
and plankton are the natural environment and reservoir of V. cholerea respectively
(Huq et al. 1995); and B. pseudomallei can survive in tropical and subtropical natural
foci (Draper et al. 2010). Public health emergencies, such as bioterrorism attacks,
laboratory releases, collective food poisoning, and concentrated outbreaks of cases,
require prompt responses based on the detection results.
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16.4.2 Point of Care Testing

According to the definition specified by the Committee of POCT, Chinese Asso-
ciation of Medical Equipment, point of care testing (POCT) is a detection method
implemented on site, and it reports results in a short time period using portable
analytical instruments and associated reagents. To satisfy the strict requirements of
POCT, a detection method must be sufficiently rapid, sensitive, and specific.

Screening detection on site mainly relies on POCT methods. The short response
time for surveillance in natural foci and during public health emergencies has pro-
vided powerful support for the prevention of disease outbreaks. The minimal oper-
ation procedures that are a feature of POCT methods make POCT applicable for
detecting bioterrorism agents to reduce the release of the agents. Immunochromatog-
raphy is well known as a POCT method for onsite screening of bioterrorism agents
because it can give results from simple sample loading and the used strip can be
directly disposed of after treatment with high temperature and pressure. The sensi-
tivity and specificity of traditional immunochromatography methods are often too
low because the physical interaction between antibodies and gold particles is fragile,
and the results are analyzed by the naked eye. Up-converting phosphor technology-
based point-of-care testing (UPT-POCT) as described below are based on the cova-
lent conjugation of upconversion nanoparticles (UCNPs) and antibodies, and then
the emission signal at 540 nm resulting from excitation at 900 nm can be transmit-
ted into readable electrical signals by biosensors. Therefore, the UPT-LF assay can
detect various samples with high sensitivity and specificity, in particular it shows
robust performance for complicated samples.

16.5 UPT-POCT Assay Applied for Detection
of Bioterrorism Agent

16.5.1 Detection Mode

The detection mode of UPT-POCT for bioterrorism agents hinges on the molecular
size of the detection target. Double-antibody sandwich mode is used for detection
of macromolecules, while competition mode is used for micro-molecules. In addi-
tion, the principle of the double-antigen sandwich mode is in parallel with that of
the double-antibody sandwich mode for utilization of macromolecules, mainly anti-
bodies.

UPT-POCT based on the double-antibody sandwich mode is mainly applied for
the detection of bacterial antigens or protein toxins, such as Y. pestis (Yan et al. 2006),
Brucella spp. (Qu et al. 2009), B. anthracis spore (Li et al. 2006), F. tularensis (Hua
et al. 2015b),B. pseudomallei (Hua et al. 2015a),V. cholerae (Hao et al. 2017),E. coli
O157 (Wang et al. 2007), ricin (Wang et al. 2016), and abrin (Liu et al. 2016). While
UPT-POCT based on the double-antigen sandwich mode is applied for the detection
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Fig. 16.1 Schematic for detection of Y. pestis by UPT-POCT based on the double-antibody sand-
wich mode

of antibodies against bioterrorism agents, such as antibodies against Y. pestis (Hong
et al. 2010) and hepatitis B surface antibody (Li et al. 2009). For example, in the
detection of Y. pestis (Fig. 16.1); mouse anti-Y. pestis antibody 1 is immobilized on
the nitrocellulose membrane as the test (T) line, while mouse anti-Y. pestis antibody
2 is combined with UCNPs covalently. For positive detection, Y. pestis in samples
is captured by UCNPs-mouse antibody 2 conjugates, and then flows forward and is
captured by mouse antibody 1 at the T line of the nitrocellulose membrane, forming
T line-mouse antibody 1-Y. pestis-mouse antibody 2-UCNPs conjugates. UCNPs can
emit visible light signals after excitation by infrared light, and the intensity of the
signals is in direct proportion to the concentration of Y. pestis. Whether there are Y.
pestis present or not, goat anti-mouse antibody-mouse antibody 2-UCNPs conjugate
will be formed on the control (C) line on the nitrocellulose membrane for quality
control. The signal ratio between the T and C lines, the T/C ratio, is defined as the
detection result, and T/C values increase with the increase in quantity of Y. pestis
in the sample. In the double-antigen sandwich mode, bioterrorism antigens, such
as F1 antigen of Y. pestis, are dispensed in the T line and combined with UCNPs
respectively, and then the corresponding antibody is detected.

Competitive mode is used to detect micro-molecular matter that is too small to
be detected by double-antibody sandwich mode. UPT-POCT based on competitive
mode is applied for the detection of mycotoxin, such as aflatoxin B1 (AFB1) (Zhao
et al. 2016), aflatoxin M1 (Liu et al. 2014) and T-2 toxin. Using the detection of
aflatoxin B1 (AFB1) as an example (Fig. 16.2), AFB1-BSA cross-linking agent is
immobilized on the nitrocellulose membrane as the T line, while mouse anti-AFB1
antibody is combined with UCNPs covalently. For positive detection, UCNPs-anti-
AFB1 antibody is combined with AFB1 in samples and cannot be further captured
by AFB1-BSA crosslinking agent on the nitrocellulose membrane, leading to the
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Fig. 16.2 Schematic for detection of AFB1 by UPT-POCT based on competitive mode

decrease of signals. Goat anti-rabbit antibody at the C line immobilized on the nitro-
cellulose membrane can capture UCNPs-rabbit IgG forming a stable control signal.
T/C values are negatively proportional to the concentrations of AFB1 in samples.

The UPT-POCT assay for multiplex detection is based on a 10-channel UPT-LF
disc or multiple T lines for one strip. The UPT-LF disc is composed of ten one-target
strips, therefore ten targets can be detected from the loading of one sample. For
instance, a UPT-LF disc prepared with ten proteins of Y. pestis based on the double-
antigen sandwich mode has been realized for the detection of antibodies against Y.
pestis, providing a clue for seeking diagnosis biomarker of Y. pestis (Hong et al.
2010). A strip with multiple T lines can detect multiple targets, such as the UPT-LF
assay developed for simultaneous detection of V. cholerae serogroup O1 and O139
(Hao et al. 2017).

16.5.2 Performance Evaluation

Sensitivity and specificity are crucial to the performance evaluation for a detection
method, and the evaluations of UPT-POCT for detection of different bioterrorism
agents are shown in Table 16.1. The sensitivity of UPT-POCT for bacterial bioter-
rorism agents can reach 103 CFU/ml (namely 10 CFU for each test based on ten-fold
sample dilution and 100 µL of sample loading volume), and that for toxin can reach
0.03 ng/ml. The quantitative range covers four to five orders of magnitude, even six
for detection of B. anthracis spore (Zhang et al. 2014). The coefficients of variation
for detection are all below 15%. UPT-POCT shows excellent specificity to the bioter-
rorism agents that share genetic relatedness, similar transmission routes, or similar
structure with the targets.
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The tolerance to biochemical agents (Table 16.2) and operation error of UPT-
POCT for the detection of five bacterial bioterrorism agents has been evaluated
(Zhang et al. 2014; Hua et al. 2015a, b). The high concentration of agent that the
detection method can tolerate is defined as the tolerance limit. The tolerance limits of
UPT-POCT for pH, ionic strength, viscosity, and bio-macromolecule concentration
can reach pH 1 –13,≥ 4mol/L of NaCl and KCl solution,≤ 100mg/ml PEG 2000,≥
20% glycerol,≥ 400mg/ml of BSA and≥ 80mg/ml of casein, respectively. At some
tolerance limits, the sensitivity could be improved by one order of magnitude. The
operation error, including the volume variation of the sample (from −50 to 200%),
sample treating buffer (from −22 to 44%), and loading mixture (from −30 to 30%),
has little influence on the sensitivity and specificity of UPT-POCT.

16.5.3 Field Evaluation

UPT-POCT shows excellent performance for detection of bacterial bioterrorism
agents in simulated samples, such as food, powder, and viscera (Zhang et al. 2014;
Hua et al. 2015a, b) (Table 16.3), and it can also effectively detect abrin and afaltoxin
B1 in food and grains (Liu et al. 2016; Zhao et al. 2016) (Table 16.4). The highest
tolerance limit of UPT-POCT to simulated samples could reach 400 mg/ml.

For detection of V. cholerae in 102 field water samples obtained from sample
collection sites in Guangzhou city (China), UPT-POCT is more sensitive than the
isolation-culture method and colloidal gold immnochromatography assay, and its
sensitivity could match that of real-time fluorescent PCR with fewer false positive
results (Hao et al. 2017).

The sample pre-treatment for detection by UPT-POCT is merely grinding, or
supernatant extraction by centrifugation after grinding and shaking on a vortex shaker
for 15 min (or ultrasonicating for 10 min), and then the sample can be directly mixed
with sample-treating buffer for detection. The tolerance of UPT-POCT to sample
is based on the physical and luminescence stability of UCNPs, the stable covalent
interaction between UCNPs and antibody, as well as the strong buffering capacity of
the detection system.

16.6 Application

16.6.1 Current Detection Methods

Detection methods for bioterrorism agents include the isolation-culture or animal
inoculation method, biochemical method, nucleic acid method, and immunization
method.
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Table 16.4 Tolerance limits of UPT-LF assay for simulated samples for two toxin bioterrorism
agents

Abrin (Liu et al. 2016) Aflatoxin B1 (Zhao et al. 2016)

Simulated sample Tolerance limit
(detection limit)

Simulated sample Tolerance limit
(detection limit)

Cookie 30 mg/ml (3.33 ng/g) Peanut 300 mg/ml (0.1 ng/g)

Soybean 50 mg/ml (2 ng/g) Runner bean 200 mg/ml (0.15 ng/g)

Sausage 200 mg/ml (0.5 ng/g) Common bean 200 mg/ml (0.15 ng/g)

Cashew 100 mg/ml (1 ng/g) Semen phaseoli 200 mg/ml (0.15 ng/g)

Milk powder 80 mg/ml (1.25 ng/g) Rice 200 mg/ml (0.15 ng/g)

Flour 40 mg/ml (2.5 ng/g) Barley 200 mg/ml (0.15 ng/g)

Sugar 10 mg/ml (10 ng/g) Mung bean 200 mg/ml (0.15 ng/g)

Monosodium
Glutamate

12.5 mg/ml (8 ng/g) Corn 100 mg/ml (0.30 ng/g)

Water 2.5:5 (0.3 ng/ml) Adzuki bean 100 mg/ml (0.30 ng/g)

Soft drink 2:5 (0.35 ng/ml) Soybean 100 mg/ml (0.30 ng/g)

Juice 2:5 (0.35 ng/ml) Black rice 50 mg/ml (0.60 ng/g)

Beer 1.5:5 (0.43 ng/ml) Broomcorn 50 mg/ml (0.60 ng/g)

– – Oats 50 mg/ml (0.60 ng/g)

– – Brown rice 100 mg/ml (5 ng/g)

– – Coix seed 200 mg/ml (2.5 ng/g)

16.6.1.1 Isolation-Culture or Animal Inoculation Method

Microorganism bioterrorism agents can be identified by the isolation-culture method
or inoculation of animals, and toxin can also be injected into animals for species
identification. Selective culture medium, as well as inoculation and dissection of
susceptible animals, are both common experiments. The culture methods for the
various bioterrorism agents are different. (1) Bacteria can be identified by selection
in selective medium, for example, alkaline peptone water is the medium for selective
culture ofV. cholerea, whileY. pestis can be identified by culturingwith bacteriophage
lysis. (2) Isolation of viruses by cell culture is the main method for virus detection
because viruses can only survive in live cells. After virus infection the mutated
cell can be directly detected by microscopy, or observed through the change in
pH of the medium, hemadsorption or hemagglutination. Culture in chick embryo
is also common for viruses such as influenza virus. Animal incubations are better
than cell incubation for some viruses, for example, inoculation of mice is the best
culture method for Rabies virus. (3) Rickettsia bioterrorism-associated agents are
cultured and isolated by guinea pig and chick embryo. (4) The types of toxin can be
identified by lethality or the animal response after inoculation of susceptible animals
or cells, such as vomiting and diarrhea caused by S. aureus enterotoxin B. The
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susceptible animals for toxins are different, for instance, mouse and cat are sensitive
for botulinum toxin and S. aureus enterotoxin, respectively.

The isolation-culture method is the basic detection method—even gold standard
detection method— for bacterial bioterrorism agents. However, it must be conducted
by professionals in particular institutes equipped with biosafety facilities, and bioter-
rorism agents can be easily transmitted owing to improper operation or defense.
Because of its low sensitivity, the isolation-culture method is often combined with
other methods to improve the accuracy of detection, such as the bacteriophage lysis
method (Zhao et al. 2013). For example, the bacteriophage lysis method for identi-
fication of Y. pestis is realized through adding bacteriophage into cultured bacteria
at 18–20 °C. The low sensitivity and specificity of the animal injection method for
detection of toxins are caused by the diversity of toxins and individual differences
between animals.

16.6.1.2 Biochemical Method

The biochemical method is based on the properties or metabolism characteristics of
the microorganism or toxin, and is in fact a detection system because the species
cannot be determined by one property, such as the systemic biochemical detection
according to diagnostic criteria for cholera (WS 289-2008, healthy industry stan-
dards of the People’s Republic of China). The poor sensitivity and specificity of the
biochemical method, as well as the complicated operation, are a result of the property
similarities between microorganisms or biological substances.

16.6.1.3 Nucleic Acid Method

The nucleic acid method is based on the principle of DNA replication in vitro, such
as the polymerase chain reaction (PCR) and Loop-mediated isothermal amplification
(LAMP).

PCR is a laboratory detection method that parallels the DNA replication process
in vivo. The single strand DNA template is formed at 95 °C, and then it can match
with a primer at annealing temperature (about 55 °C) based on their complementary
sequences, subsequently a new complementary DNA strand can be obtained using
dNTP as a reactive material catalyzed by Taq DNA polymerase. These strands can
be further used as a template for the next cycle, therefore the target DNA can be
multiplied millions of times by dozens of cycles. The products can be determined
by DNA electrophoresis for common PCR, while for real-time quantitative PCR the
amplification process can be monitored by the change of fluorescence signals. In
addition to DNA as a template, RNA could also be used for amplification, and this
is realized using the reverse transcriptional PCR (RT-PCR) method.

The target genes of PCR for Y. pestis include the caf 1 gene that encodes F1
antigen, ymt gene that encodes murine toxin, pla gene that encodes plasmino-
gen activator, hms gene that is related to pigmentation, and specific segment 3a
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in chromosome (Qu et al. 2010). Segment 3a is the main target gene because it is
not as easily lost as the genes of plasmid such as pla and caf 1. The target genes
of PCR for F. tularensis include fopA gene (AY579741) that encodes outer mem-
brane protein, and the akr gene (AM286280, 959924-960988) in chromosomes that
encodesAldo/ketoreductase. The genes at two specific toxin plasmid forB. anthracis,
including cya, lef, pagA at plasmid pXO1 and capA, capB, capC at plasmid PXO2,
are often used for species identification (Koehler 2009), while further identification
by the detection of the genes in chromosomes, such as GS sequences, is necessary
because of the inaccuracy of detection results caused by the deletion or change of
plasmids.

The PCRmethod has higher sensitivity than other currentmethods, but its applica-
tion on site as a POCTmethod is limited by its dependency on expensive equipment,
sample pre-treatment (particularly difficult for DNA extraction from complicated
samples) and professional operation, as well as its high false positive results. For
detection of bioterrorism agents, the special biosecurity facilities for DNA extrac-
tion (even in an equipped laboratory the infection and contamination in the DNA
extraction procedure must be paid particular attention) were the major obstacle for
utilization of PCR on site. Currently, an instrument based on PCR, called a Film-
array (Seiner et al. 2013), demonstrates a promising prospect for application of PCT
in the field by integration of the sample treatment, amplification, and result analysis
in airtight system. However, the complexity of pre-treatment of complicated samples
in routine surveillance and public health emergencies is still a significant limitation
of application of PCR on site.

Loop-mediated isothermal amplification (LAMP) is a new method for gene diag-
nosis invented by a Japanese professor, in which aDNA strand that is complementary
to template DNA can be synthesized at a determined temperature through strand dis-
placement reaction. Using four primers designed according the six segments of the
target DNA, LAMP detection can be realized through one procedure following mix-
ing of the template, primer, strand displacement type DNA polymerase and other
substrates. The pyrophosphate isolated from dNTPs in the DNA synthesis process
can react with Mg2+ ions, resulting in the formation of a white precipitate. LAMP
has been developed for detection of some bioterrorism agents, such as Y. pestis (Feng
et al. 2017) and B. anthracis (Qiao et al. 2007), and it is very suitable for rapid detec-
tion on site because only a thermostat is needed and the results can be observed by the
naked eye. However, it is not suitable for long strand target DNA, because sequences
longer than 500 bp are difficult to amplify based on the strand replacement reaction.
Because LAMP is an amplification reaction similar to PCR, a high frequency of false
positive results are often generated by LAMP because of contamination.

16.6.1.4 Immunization Method

The immunization method is based on the reaction between antigens and anti-
bodies, such as enzyme linked immunosorbent assay (ELISA), immunochro-
matography, immunodiffusion, and immunoprecipitation. Immunodiffusion and
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immunoprecipitation were developed in the 1950s, and are not widely used at present
owing to poor sensitivity. ELISA is a routine laboratory method with excellent sensi-
tivity and specificity owing to signal amplification by enzymes and several rinse pro-
cedures. However, a high number of rinse procedures increases the complexity of the
operation and the operation error, as well as the potential for spread of bioterrorism-
associated agents. Immunochromatography was described in Sect. 16.4.2.

16.6.2 The Merit of UPT-POCT and Its Application

Many UPT-LF assays have been developed for detection of several bioterrorism-
associated agents, including detection of bacteria (Y. pestis, Brucella, B. anthracis
spore, F. tularensis, B. pseudomallei, V. cholorae, E. coli O157:H7, antibody against
Y. pestis), viruses (hepatitis B surface antibody) and toxins (abrin, ricin, aflatoxin
B1, aflatoxin M1 and T-2 toxin). UPT-POCT has been provided at many centers
for disease control and prevention, as well as entry-exit inspection and quarantine
bureaus, and it also provides technology support for biosecurity at large events, such
as the Games of the 2008 Olympiad in Beijing, Shanghai world Exposition, and Asia
Games in Guangzhou. In 2011, UPT-POCT was integrated as a mobile biological
rapid detection instrument in the Stand for Construction of City fire Station (152-
2011, issued by the Ministry of Housing and Urban-Rural Development of China
and the National Development and Reform Commission of China).

UPT-POCT is suitable for detection of bioterrorism agents on site as a POCT
method because of the integration of the benefits of immunochromatography, up-
converting phosphor particles, and portable biosensing.

First, UPT-POCT can give reliable detection results. Given the extremely low
pathogenic dose and high social perniciousness of bioterrorism agents, particularly
the high transmission capacity of microorganism agents, detection sensitivity and
reliability are important for detection methods. Compared with the isolation-culture
method, biochemical method, and colloidal gold method, UPT-POCT can realize
sensitive and quantitative detection based on immunological interactions, and shows
excellent performance that is comparable with that of real-time quantitative PCR in
some applications (Hao et al. 2017), resulting from the merits of the immunologi-
cal recognition mode, up-converting phosphor, and biosensor. First, immunological
recognition between antigens and antibodies is highly sensitive and specific. In addi-
tion, the infrared excitation light for up-converting phosphor particles avoids the
interference from other biomaterial in the samples, resulting in a more efficient sig-
nal isolation rate than other luminous detection methods. The efficient signal extrac-
tion and quantitation calculation by the biosensors also facilitate the recognition of
the weak positive signal, which is superior to observation with the naked eye for
colloidal-gold immunochromatography assays.

UPT-POCT can be tolerant to a great diversity of complex samples in the bioter-
rorism and biosecurity fields (such as meat, decomposed viscera, and flour). Many
detection methods are limited by the complicated pre-treatment of samples. For
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example, repeated selection and identification is required for the isolation-culture
method, and the complex composition of samples can easily influence the result
of biochemical detection. The pretreatment of complex samples is also a significant
challenge for laboratorymethods, such as the extraction of DNA in complicated sam-
ples in PCR that could seriously influence the detection rate. In detection of many
bioterrorism agents, UPT-POCT shows robust performance for various samples with
simple pretreatments, such as grinding, or supernatant extraction by centrifugation
after grinding and shaking (ultrasonic). This robust performance derives from the
physical stability, luminous stability, and up-converting capacity of UCNPs, the solid
covalent combination between the UCNPs and antibody, and the excellent buffering
capacity of the detection system.

UPT-POCT is also safer than other detection methods. There are some operations
that are unfavorable for the control of bioterrorismagents during detection using other
methods, such as repeated proliferation for the isolation-cultured method, various
rinses for ELISA, complex pre-treatment of sample for the PCRmethod, andmultiple
tests for bio-chemical detection. Compared with these methods, the simple sample-
treatment process based on its high tolerance, and the simple sample-loading manner
of UPT-POCT, reduces the potential for the spread of bioterrorism agents in the
detection process.

The short acquisition time for UPT-POCT facilitates rapid response to disease
outbreaks in surveillance and public health emergencies, and is derived from the
15 min reaction process of the immunochromatography detection mode and the
simple sample pretreatment. As a quantitative detection method, the detection time
needed for PCR is more than that for UPT-POCT owing to the time required for
DNA extraction.

Portability is the main obstacle to many laboratory detection methods for appli-
cation on site, for example the expensive and cumbersome equipment for the PCR
method. The portability of UPT-POCT derives from the small size of the strips and
biosensors. In addition, the biosensor could work with a standard mains electricity
source or battery.

For UPT-POCT, reliable results can be obtained by nonprofessionals owing to the
simple nature of UPT-POCT operation and sample pre-treatment, making it possible
to treat incidents rapidly for surveillance and in public health emergencies.
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Chapter 17
Application of UCNPs in Bio-imaging
and Treatment

Yong Zhao

Abstract Upconversion nanoparticles (UCNPs) are ideal fluorescent probes for
biomedical applications owing to their good characteristics, including superior photo-
stability, deep light penetration, lowbackground auto-fluorescence and good biocom-
patibility. This chapter focuses on the recent developments of UCNPs in bioimaging
and tumor therapy applications, as well as gives an analysis of the advantages of
UCNPs over the conventional fluorescent materials and the biocompatibility and
toxicity of UCNPs. Finally, the chapter discuss the challenges in the development of
UCNPs in biomedical application.

Keywords UCNPs · Bio-imaging · Tumor therapy

In biomedical research, fluorescent probes play an important role in the explo-
ration of life processes. Currently, there are three main types of fluorescent probe:
organic fluorescent dyes, semiconductor quantum dots, and upconversion nanoparti-
cles (UCNPs). Among them, organic fluorescent dyes are widely used, however their
photostability is poor, and the emitted light significantly attenuates under extended
light exposure, making them unsuitable for continuous monitoring in vivo. Although
semiconductor quantum dots have good photostability, a narrow emission spectrum,
and high quantum yield, the potential toxicity of heavy metal elements limits their
biological application. In addition, both organic fluorescent dyes and quantum dots
are down-converting luminescent materials, and biological tissues can absorb the
excitation light and interfere with the probe signal. In comparison, UCNPs lumi-
nescence uses near-infrared lasers as the excitation light source, which offer many
unique advantages, such as excellent photostability, deep light penetration, minimal
photo damage to living organisms, and low background auto-fluorescence. UCNPs
are therefore considered ideal materials for biomedical applications.
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In recent years, there has been a continuous push to develop UCNPs-based tech-
nology for bio-imaging applications. For example, UCNPs-based multimode imag-
ing technology, which combines UCNPs luminescence imaging with other imaging
techniques such as magnetic resonance imaging (MRI) and computer tomography
(CT), has gradually gained research interest. In addition, with superior photosta-
bility, long lifetimes, narrow emission spectra, and good biocompatibility, UCNPs
materials are also potential drug carriers, and could be coupled with photosensitizer
for application in tumor therapy. This chapter focuses on the recent developments of
UCNPs in bio-imaging applications, the exploration of UCNPs as multifunctional
nanoscale carriers for tumor treatment, and the challenges and opportunities for
UCNPs in biomedical application.

17.1 Application of UCNPs in Bio-imaging

17.1.1 Deep Tissue Imaging

UCNPs are ideal materials for deep tissue imaging in vivo because of their strong
penetration ability, minimal photo damage to biological tissues, and low background
of auto-fluorescence.

In 2006, Lim reported the first application of UCNPs (Y2O3:Yb/Er, particle size
50–150 nm) to in vivo imaging of nematodes (Lim et al. 2006). The distribution of
UCNPs in nematodes could be clearly observed under the excitation of a 980 nm laser.
It was also reported that polyacrylic acid-modified UCNPs (PAA-NaLuF4:Yb, Tm)
could be used for high quality fluorescence imaging of normal black rats and rabbits
(Yang et al. 2012). With the rapid development of nanotechnology, the application of
UCNPs for in vivo imaging has been further developed in recent years. Abdul Jalil
and Zhang (2008) synthesized silicon coated UCNPs and injected them into Balb/C
mice via the tail vein. Subsequently, strong up-converted luminescence signals were
found in the ear vessels of the mice. Nyk et al. (2008) applied UCNPs (NaYF4:Yb,
Tm) with particle size of 20–30 nm to mice via tail vein. Under the excitation of
near-infrared light (980 nm), it was found UCNPs were mainly concentrated in the
liver. The imaging had a high signal-to-noise ratio even at a penetration depth of
20 mm, highlighting the advantages of UCNPs in bioimaging.

17.1.2 Targeted Imaging of Tumor Cells

Targeted imaging of tumor cells plays an important role in tumor diagnosis and
prognosis. Owing to their unique optical properties, researchers have carried out a
great deal of work on the application of UCNPs to the targeted imaging of tumor
cells. In 2009, Li and colleagues (Xiong et al. 2009a; Yu et al. 2009) reported the first
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Fig. 17.1 Upconversion luminescent imaging of U87MG tumor cells in vivo (Xiong et al. 2009b)

application of UCNPs to tumor imaging. In this work, UCNPs (NaYF4:Yb, Er) with
aminated surfaceswerefirst conjugated to folic acidmolecules (FA), then theUCNPs-
FAcomplexeswere culturedwithFA receptor positive andFA receptor negativeHeLa
cells. Under 980 nm light irradiation, significant upconversion luminescence signals
were observed for the FA receptor positive HeLa cell sample, whereas the signal
was not observed for the FA receptor negative HeLa cells. Furthermore, UCNPs-FA
complexeswere injected into Balb/Cmice (carryingHeLa cells) through the tail vein.
After 24 h, upconversion luminescence signals were observed in the tumor region
of the mice, which demonstrated the potential for UCNPs to be applied in targeted
tumor cell imaging.

In other work (Xiong et al. 2009b), Li and coworkers applied UCNPs for targeted
imaging of U87MG tumor cells in a mouse model through modification the surface
of the UCNPs with RGD peptides (Fig. 17.1), which have a high affinity for αvβ3
integrin receptor on the cell membrane of U87MG tumor cells. Results of the tissue
slice imaging data and ROI (region of interest) analysis showed that UCNPs have a
high signal-to-noise ratio and imaging depth. Moreover, considering the high affinity
of neurotoxins for tumor cells, some researchers have linked neurotoxins to the
surface of UCNPs to achieve targeted imaging of tumor cells (Yu et al. 2010). These
studies show that UCNPs can be used as probes for targeted imaging of tumor cells,
providing a powerful new tool for the diagnosis and treatment of tumors.

17.1.3 Multi-modality Imaging with UCNPs

Widely used clinical imaging techniques currently includemagnetic resonance imag-
ing (MRI), computed tomography (CT), positron emission tomography (PET), and
single photon emission computed tomography (SPECT). These mono-modal imag-
ing techniques reveal only a single aspect of the environment in the body. To obtain
more relevant clinical information, multi-modal imaging technology has emerged,
which combines several different imaging modes to overcome the limitations of
individual methods (Fig. 17.2). In recent years, UCNPs-based multi-modal imaging
technology has been rapidly developed and has received significant attention in the
field of biomedical imaging. For example, MRI has high 3D spatial resolution, but
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Fig. 17.2 UCNPs-based
multi-modal imaging
technology

has low imaging sensitivity; upconversion luminescence imaging (UCL) has high
imaging sensitivity, but its spatial resolution is poor. A dual-mode imaging probe
could provide complimentary advantages through combination of UCL with MRI,
delivering enhanced biological imaging with high sensitivity and spatial resolution
(Li et al. 2009; Xia et al. 2011).

Gadolinium ions (Gd3+) are widely used as a contrast agent for MRI imaging.
Hyeon (Park et al. 2009) doped Gd3+ into the matrix of UCNPs, successfully con-
structing a new dual-mode imaging probe (NaGdF4:Yb/Er). The probe can be used
for both UCL andMRI imaging of breast cancer cells (SK-BR3). It was also reported
that UCL imaging can be combined with SPECT imaging (Liu et al. 2011; Sun et al.
2011). SPECT often uses the radioisotope 18F as an imaging marker in clinical
diagnosis and the composition of UCNPs includes the element of F. Therefore, a
UCL/SPECT dual-mode imaging probe can be obtained by replacing F with 18F
when synthesizing UCNPs. By using this probe, high-quality in vivo imaging with
high sensitivity, high spatial resolution, and good imaging penetration depth can be
obtained in mice.

In addition, studies on multi-modal imaging, such as UCL/PET/MRI and
UCL/CT/MRI, have been reported and these techniques are receiving increasing
attention (Liu et al. 2013; Xia et al. 2012; Zhou et al. 2011). Combining multiple
imaging technologies enables ultra-sensitive and multilayered imaging in systems
ranging from cells to living organisms, which could not only improve the imaging
accuracy, but also the diagnostic efficiency.

17.2 Application of UCNPs in Disease Treatment

17.2.1 Nanoscale Carriers for Drugs and Genes

The surface of UCNPs can be coated with mesoporous structures, allowing them to
be used as carriers for small molecule drugs and genes for use in disease treatment.
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UCNPs with mesoporous structure can be combined with drugs using electrostatic
interaction (Tian et al. 2011). However, this approach usually increases the size of the
nanomaterials due to the extra layer of silica on the particle surface. Another method
is to modify the surface of the UCNPs with particular functional molecules. These
functional molecules have high binding affinity with drug molecules, facilitating the
binding of UCNPs and drugs.

Liu (Wang et al. 2011a) modified surface of UCNPs with doxorubicin (DOX), an
anti-cancer chemotherapy drug, and applied the conjugate to tumor therapy. Because
the water solubility of DOX is significantly enhanced under acidic conditions, and
the microenvironment of the tumor extracellular tissue, intracellular lysosomes, and
endosomes are all acidic; the amount of released DOX increases significantly when
UCNPs reach the region of tumor cells, and further induces cell death. On this basis,
UCNPs-DOX complexes can also be modified with FA. Thus, they can achieve
targeted drug release in FA receptor positive cancer cells, which is of great clinical
value for tumor therapy.

In addition, UCNPs can be transport carriers of DNA or RNA genes. It was
reported that photolysable plasmid DNA/siRNA genes were linked to UCNPs with
mesoporous structure (Jayakumar et al. 2012). And it was found that, it was possible
to control the DNA/siRNA gene expression since the intensity of the excitation light
can affect the gene expression in living cells.

17.2.2 Photodynamic Therapy

Photodynamic therapy (PDT) is an emerging new method for cancer treatment. Its
principle is to transport chemical agents with light-activated properties (photosen-
sitizers) around tumor cells (Fig. 17.3). Under light excitation, the photosensitizers
can help to generate reactive oxygen species (ROS), which can induce the death of
tumor cells (Wang et al. 2011b). The excitation wavelength of most photosensitizers
is usually in the visible-near-infrared region, which has limited tissue penetrating
ability and affects the treatment to a certain degree. The use of UCNPs as a photo-

Fig. 17.3 Schematic description of UCNP-based PDT therapy
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sensitizer carrier can effectively solve this problem. The excitation light (980 nm)
of UCNPs has a deeper penetration depth, and the emitted light can directly expose
the photosensitizer cargo. As a result, UCNPs have a better therapeutic effect on
deep tumor cells. Moreover, UCNPs can be used for targeted PDT treatment by
conjugating functional molecules (e.g. FA) on the surface.

By linking the photosensitizer (ZnPc) to UCNPs with mesoporous structure,
Zhang successfully constructed a UCNP-based PDT nanoprobe (UCNPs-ZnPc)
(Chatterjee andYong 2008; Lim et al. 2012). The absorption peak of ZnPc (~670 nm)
is in accordance with the red emission peak of UCNP materials. Therefore, under
980 nm excitation, ZnPc can absorb the red light emitted by UCNPs, and help to
stimulate the generation of ROS to kill cancer cells. Their experiments showed that
UCNPs-ZnPc could effectively reduce the activity of bladder cancer cells (MB49)
in rat after 5 min under 980 nm laser excitation.

Moreover, it was reported that two or more different photosensitizers could be
combined with UCNPs, and both could be stimulated by the light emitted by UCNPs.
This approach could significantly improve the therapeutic effect on tumors (Idris et al.
2012). Other reported photosensitizers, such as Ce6 (Wang et al. 2011b), TPP (Shan
et al. 2011), and TCPP (Wang et al. 2011a), can all be conjugated with UCNPs for
PDT therapy.

17.2.3 Photothermal Therapy

UCNPs can also be applied in another emerging tumor therapy, photothermal therapy
(PTT), which kills tumor cells by releasing heat. PTT therapy can affect tumor cells
more selectively than PDT because the excitation light of the PTT agent (such as
gold and silver particles) can irradiate tumors in the targeted region (Barreto et al.
2011). However, common endothermic materials have poor imaging quality in vivo,
therefore, it is difficult to observe the treatment effect in real time. This problem
could be resolved by using UCNPs as carriers of Au or Ag particles. Dong reported
the preparation of core-shell UCNPs (NaYF4:Yb, Er@Ag). The nanomaterial could
be used for UCL imaging and PTT therapy with only a single 980 nm excitation
laser (Dong et al. 2011). In the experiment, the material was incubated with human
hepatoma cells (HepG2) in vitro. After 20 min of irradiation with the excitation
light, the survival rate of tumor cells decreased from 65.1 to 4.6%, indicating a
promising PTT treatment effect. In another report, Liu prepared multifunctional
UCNP materials (NaYF4:Yb/Er@Fe3O4@Au), which could be used for UCL/MRI
dual-modal imaging and PTT therapy (Cheng et al. 2012). The animal experiment
showed that tumor cells in a mouse model could be efficiently inhibited under near-
infrared irradiation, and effective imaging could be obtained in vivo.



17 Application of UCNPs in Bio-imaging and Treatment 241

17.3 Biocompatibility and Toxicity of UCNPs

Currently, few nanomedicines are used in clinical practice, despite them being exten-
sively studied for medical diagnosis and treatment. One of the reasons for this is the
uncertain biocompatibility and cytotoxicity of nanomaterials. It is therefore important
to systematically evaluate the toxicological characteristics and metabolic behavior
of UCNPs in biological systems.

Many studies have shown that modified UCNPs materials have no apparent tox-
icity at the cellular level (Doane and Burda 2012; Yan et al. 2013). In one report,
Bae and colleagues incubated a certain concentration of UCNPs with HeLa cells for
a controlled period of time, and then used fluorescence imaging to study the spatial
and temporal distribution of UCNPs in the HeLa cells. They found that UCNPs can
enter cells via endocytosis and gather around the nucleus via the transportation of
microtubule-associated motor proteins. Most of the UCNPs are eventually released
from the cells through another type of motor protein. No significant cytotoxic effect
on HeLa cells was observed (Bae et al. 2012). The composition of the main matrix
(NaYF4) of UCNP material is essentially non-toxic or low toxicity. However, it
should be noted that the Gd3+ used in the UCL/MRI dual-mode imaging probe is
toxic. To limit the toxicity, Gd3+ must be coupled with UCNPs in the form of chelates
or coated forms.

In 2006, Li and coworkers first reported the in vivo toxicity of UCNPs against
nematodes. They found that UCNPs could be significantly toxic to nematodes when
the injection concentration was higher than 10 mg/ml (Lim et al. 2006). In another
study, Zhang and coworkers injected silica-coated UCNPs (10 mg/kg) into mice via
the tail vein (Abdul Jalil and Zhang 2008). After one day, the content of UCNPs
in tissues rapidly decreased, while the content in the spleen was the highest. After
7 days, it was found that only a small amount of UCNP material remained in mice
and no significant in vivo toxicity was observed during the experiment.

To further understand the chronic toxicity of UCNPs and their metabolism in vivo,
Li and coworkers injected polyacrylic acid-modified UCNPs (PAA-UCNPs) into
mice via intravenous injection, and observed their toxicity for 115 days. During the
experiment, no obvious weight loss or other abnormalities were observed in themice.
The imaging displayed that UCNPs were mainly concentrated in the liver and spleen
of the mice, and most of them were slowly excreted through metabolic pathways.
In addition, blood biochemical analysis and histopathological analysis of tissue sec-
tions, showed that PAA-UCNP treatment did not result in significant toxicity inmice.
These results demonstrated that UCNP material has good biocompatibility and low
cytotoxicity for in vivo imaging and treatment. However, there are still some prob-
lems with the toxicity of UCNPs. For example, the interaction of UCNPs with stem
cells and immune cells, and the immunological effects on the body remain unclear.
Further toxicological studies on UCNP nanomaterials require more systematic and
in-depth research.
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17.4 Conclusion

UCNPs nanomaterials have a wide range of applications in biomedicine because of
their unique luminescence properties. Over the past few years, significant develop-
ments in the synthesis, structure optimization, and surface modification of UCNPs
have been achieved. However, there are still some limitations that must be researched
and explored.

First, although considerable achievements have been made in the preparation
of UCNPs, obtaining UCNPs with high luminescence efficiency is still a crucial
challenge that is important for the further improvement of UCNPs in biomedical
applications. Second, the development of UCNPs as drug delivery carriers is still in
the primary stages and there remain many challenges in establishing an effective,
reliable, and smart nanoparticle-based drug delivery system. For example, how to
release drugs accurately and controllably. Finally, there remains a need for more
systematic and comprehensive research into the toxicity of UCNPs. As a new type
of biomedical material, UCNP nanomaterials will face complex challenges in both
basic theory and practical application, which will require researchers in various
disciplines to work closely together. Overcoming these challenges will allow UCNP
nanomaterials to play a more significant role in medical research and application.
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