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ABSTRACT: Upconverting nanoparticles (UCNPs) are inorganic crystalline
nanomaterials that can convert near-infrared (NIR) excitation light into visible
and ultraviolet emission light. Excitation with NIR light minimizes
autofluorescence background and enables deeper penetration into biological
samples due to reduced light scattering. Although these optical features make
UCNPs promising candidates for bioanalytical and biomedical applications,
the performance of UCNPs is compromised by their low optical brightness.
Research in the field of UCNP technology focuses on strategies to boost
upconversion luminescence brightness and efficiencies. In this Perspective, I
discuss challenges associated with the use of UCNPs and provide a 10-year
proposed strategic plan to enable translation of UCNP technology from the
academic stage into real world products and applications.

Upconverting nanoparticles (UCNPs) are a class of
luminescent nanomaterials with the fascinating ability
to emit light with shorter wavelength than the

excitation light. This photophysical phenomenon is based on
an anti-Stokes process and referred to as photon upconversion;
that is, sequential absorption of two or more low-energy
photons to populate real, intermediate excited electronic states
followed by emission of a single high-energy photon (Figure
1a−d). The origin of this research field goes back to the year
1959, when Bloembergen introduced the idea of ion-doped
solid-state infrared quantum counters. This was followed by
experimental work from Auzel, Ovsyankin, and Feofilov in the
mid-1960s.1 While early studies in this research area focused on
rare-earth ion-doped glassy and crystalline upconverting bulk
materials, increasing effort has been dedicated to upconversion
nanomaterials, i.e., UCNPs, in the past 10 years.
Upconverting nanoparticles can be synthesized with defined

physicochemical properties (e.g., size, shape, and surface
chemistry). Typical examples of UCNPs include inorganic
nanoparticles based on a NaYF4 crystalline host matrix that
contains a combination of upconversion sensitizer (e.g., Yb3+)
and activator (e.g., Er3+ and Tm3+) lanthanide ions (Figure 1a−
e). Upon excitation with near-infrared (NIR) continuous wave
laser light, these types of UCNPs display anti-Stokes shifted
visible and ultraviolet emission with minimal autofluorescence
background. These optical properties make UCNPs attractive
candidates for a variety of broad applications, including sensing,
imaging, diagnosis, and therapy, as well as photovoltaic,
security, and display technology. Despite the tremendous
potential that UCNPs offer for these types of applications, a
number of limitations still need to be addressed. In this
Perspective, I provide a discussion of challenges that UCNPs
face and highlight opportunities and future directions for the
field.

Enhancing Upconversion Luminescence. Due to their
unique optical properties, UCNPs have been considered
promising alternatives for conventional luminophores, such as
organic dyes and semiconductor quantum dots. However, in
comparison to conventional luminophores, quantum yields of
lanthanide-doped UCNPs are relatively low (typically <1%)
and, in general, about an order of magnitude lower than those
of corresponding upconversion bulk materials (Table 1).
Hence, one of the greatest trends and, at the same time,
major challenges in the field of UCNP research is the quest to
enhance upconversion luminescence.
Upconversion luminescence of UCNPs involves nonlinear

photophysical processes through sequential absorption of
excitation photons by sensitizer lanthanide ions and energy
transfer to activator ions (Figure 1c,d). Consequently, optical
properties of UCNPs (e.g., luminescence intensity and quantum
yield) are excitation power (P)-dependent, and saturation
effects occur upon increasing the excitation power density as
shown in Figure 1f for the absolute quantum yield of UCNPs.2

The P-dependent quantum yield of UCNPs is defined by eq 1:

λ λ= <P
N
N

QY ( ) forUC
em

abs
em abs

(1)
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where Nem is the number of upconversion photons emitted and
Nabs is the number of photons absorbed at the excitation
wavelength (for example, 980 nm) for a given laser excitation
power density.3 In the past 5−10 years, researchers have aimed
at synthesizing small UCNPs (<10 nm in diameter) with
narrow size distributions and colloidal stability in biologically
relevant media and buffer systems.4−7 As shown in Table 1, the
quantum yields of UCNPs decrease significantly with
decreasing nanocrystal diameter for a given laser excitation
power density. Interestingly, the quantum yields of UCNPs
with exactly the same size (obtained from the same synthesis
batch) depend on the surface ligand coating and dispersion
medium for a given excitation power density (Table 1).3,8

These findings suggest that there are many factors that
contribute to the low upconversion luminescence efficiency of
UCNPs. Table 2 provides examples of these parameters
classified into three broad categories: (i) nanoparticle, (ii)

surface chemistry, and (iii) dispersion medium. A detailed
discussion of these parameters is beyond the scope of this
Perspective, and the reader is referred to excellent review
articles on this topic.9−12

Strategies to increase the upconversion luminescence
efficiency have been reviewed by Liu et al. and are schematically
summarized in Figure 2a.10 An effective and commonly used
strategy to boost upconversion luminescence efficiency is
surface passivation by synthesizing core−shell nanocrystals.13
Surface passivation minimizes luminescence quenching through
surface effects by (i) shielding lanthanide ions at the
nanoparticle surface with a protective shell and (ii) reducing
nanocrystal surface defects. Ideally, these passivation shells
should be isotropic with no intermixing of lanthanide dopant
ions from the core nanocrystal and the shell material. Alivisatos
and co-workers published a systematic study in 2016 on how
shell thickness of β-NaYF4(Yb/Er)@β-NaLuF4 core−shell

Figure 1. Photophysical and physicochemical properties of upconverting nanoparticles (UCNPs). Colloidal dispersions of (a) oleate-coated
hexagonal phase β-NaYF4(Yb

3+/Er3+) UCNPs and (b) β-NaYF4(Yb
3+/Tm3+) UCNPs in cyclohexane with corresponding upconversion

luminescence spectra upon 980 nm continuous wave (CW) laser excitation (10 W/cm2). Simplified energy level diagrams and energy transfer
upconversion mechanisms for (c) Yb3+/Er3+-doped and (d) Yb3+/Tm3+-doped sensitizer/activator ion systems. Excitation light (980 nm) is
absorbed by Yb3+ sensitizer ions and sequentially transferred to Er3+/Tm3+ activator ions. Arrows indicate radiative, nonradiative energy
transfer, and multiphonon relaxation processes. (e) Transmission electron (TEM) micrograph of β-NaYF4(Yb

3+/Er3+) UCNPs (Inset: high-
resolution TEM image of single UCNP with characteristic crystal lattice fringes). Nanoparticle diameter = 22.7 ± 0.7 nm. Reproduced with
permission from ref 8. Copyright 2015 Royal Society of Chemistry. (f) Power density-dependent absolute upconversion luminescence
quantum yield (QYUC) of UCNPs shown in (e) upon 976 nm CW laser excitation. (i) Hydrophobic oleate-coated β-NaYF4(Yb

3+/Er3+) UCNPs
dispersed in cyclohexane and (ii) hydrophilic DSPE-coated β-NaYF4(Yb

3+/Er3+) UCNPs dispersed in water. DSPE, 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy-(poly ethylene glycol)-2000] (ammonium salt).

ACS Nano Perspective

DOI: 10.1021/acsnano.7b07120
ACS Nano XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acsnano.7b07120


T
ab
le

1.
E
xa
m
pl
es

of
U
pc
on

ve
rs
io
n
Lu

m
in
es
ce
nc
e
Q
ua
nt
um

Y
ie
ld
s
of

D
iff
er
en
t
T
yp
es

of
B
ul
k
U
pc
on

ve
rs
io
n
M
at
er
ia
ls
an
d
U
pc
on

ve
rt
in
g
N
an
op

ar
ti
cl
es
a

m
at
er
ia
l
co
m
po
si
tio

n
an
d
do
pi
ng

co
nc
en
tr
at
io
ns

(m
ol

%
)

cr
ys
ta
l

ph
as
e

na
no
pa
rt
ic
le
ty
pe

na
no
pa
rt
ic
le
si
ze

(n
m
)

w
av
el
en
gt
h

(n
m
)

po
w
er

de
ns
ity

(W
cm

−
2 )

qu
an
tu
m

yi
el
d
(%

)
su
rf
ac
e
lig
an
d

di
sp
er
si
on

m
ed
iu
m

m
et
ho
d
us
ed

fo
r
qu
an
tu
m

yi
el
d

m
ea
su
re
m
en
t

re
f

La
2O

2S
/Y

b/
Er

(1
:1
)

he
xa
go
na
l

n/
a

5−
7
μm

bu
lk

m
a-

te
ria
l

98
0

22
6.
20

±
0.
90

n/
a

n/
a

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

31

19
5.
50

±
0.
80

La
2O

2S
/Y

b/
Er

(3
:7
)

he
xa
go
na
l

n/
a

5−
7
μm

bu
lk

m
a-

te
ria
l

98
0

16
5.
10

±
0.
76

n/
a

n/
a

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

31

9
4.
20

±
0.
60

La
2O

2S
/Y

b/
Er

(0
:1
)

he
xa
go
na
l

n/
a

5−
7
μm

bu
lk

m
a-

te
ria
l

98
0

19
4.
44

±
0.
66

n/
a

n/
a

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

31

La
2O

2S
/Y

b/
Er

(2
:8
)

he
xa
go
na
l

n/
a

5−
7
μm

bu
lk

m
a-

te
ria
l

98
0

16
3.
60

±
0.
50

n/
a

n/
a

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

31

La
2O

2S
/Y

b/
Er

(9
:1
)

he
xa
go
na
l

n/
a

4−
6
μm

bu
lk

m
a-

te
ria
l

97
7

13
5.
8
±

0.
9

n/
a

n/
a,
m
ea
su
re
d
in

po
w
de
r
fo
rm

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

32

3.
8

4.
87

±
0.
70

0.
5

0.
40

±
0.
06

N
aY
F 4
/Y

b/
Er

(2
0:
2)

he
xa
go
na
l

n/
a

4
±

1
μm

bu
lk

m
at
er
ia
l

97
7

22
7.
8
±

1.
2

n/
a

n/
a,
m
ea
su
re
d
in

po
w
de
r
fo
rm

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

32

3.
8

1.
7
±

0.
3

0.
5

0.
21

±
0.
03

N
aY
F 4
/Y

b/
Er

(2
0:
2)

he
xa
go
na
l

n/
a

≫
10
0
bu
lk

m
at
er
ia
l

98
0

20
3.
0
±

0.
3

n/
a

n/
a

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

33

N
aY
F 4
/Y

b/
Er

(1
8:
2)

he
xa
go
na
l

n/
a

0.
5
m
m

po
w
de
rs

of
60
0
an
d
10
00

μm
fib
er
s
bu
lk

m
a-

te
ria
l

98
0

∼
20

po
w
er

de
n-

si
ty

va
rie
d

fr
om

<0
.1

to
∼
10
00

∼
4

n/
a

n/
a,
m
ea
su
re
d
in

po
w
de
r
fo
rm

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

34

N
aY
F 4
/Y

b/
Er

(2
0:
2)

he
xa
go
na
l

co
re

on
ly

10
0

98
0

15
0

0.
30

±
0.
10

ol
ea
te

he
xa
ne

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

33

N
aY
F 4
/Y

b/
T
m

(2
5:
0.
3)

he
xa
go
na
l

co
re

on
ly

38
97
5

3.
8
po
w
er

de
n-

si
ty

va
rie
d

fr
om

0.
02
7
to

20

0.
45

(U
C
em

is
si
on

ba
nd

at
80
0
nm

)
ol
ea
te

he
xa
ne

re
la
tiv
e;

sy
st
em

em
pl
oy
ed

st
an
da
rd

flu
or
op
ho
re
s
ca
lib
ra
te
d
us
in
g
th
e

in
te
gr
at
in
g-
sp
he
re

ba
se
d
H
am

a-
m
at
su

C
99
20

qu
an
tu
m

yi
el
d

m
ea
su
re
m
en
t
sy
st
em

35

N
aY
F 4
/Y

b/
Er

(2
0:
2)

he
xa
go
na
l

co
re

on
ly

37
98
0

10
3

0.
14

±
0.
01

ol
ea
te

he
xa
ne

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

6

N
aY
bF

4/
T
m

0.
5
fo
r
T
m

he
xa
go
na
l

co
re

on
ly
w
ith

IR
-8
08

dy
e
se
n-

si
tiz
er
(n
o.
of

dy
e

m
ol
ec
ul
es

pe
r

na
no
pa
rt
ic
le
n/
a)

33
∼
80
0

12
.5

∼
3.
1

IR
-8
08

dy
e

di
m
et
hy
lfo
rm

am
id
e

re
la
tiv
e;

re
fe
re
nc
ed

to
in
do
cy
an
in
e

gr
ee
n
in

D
M
SO

w
ith

qu
an
tu
m

yi
el
d
of

12
%

13

N
aY
F 4
/Y

b/
Er

(2
0:
2)

he
xa
go
na
l

co
re

on
ly

30
98
0

15
0

0.
10

±
0.
05

ol
ea
te

he
xa
ne

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

33

Li
Lu

F 4
/Y

b/
T
m

(2
0:
0.
5)

te
tr
ag
on
al

co
re

on
ly

28
98
0

12
7

0.
61

ol
ea
te

cy
cl
oh
ex
an
e

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

36

Li
Lu

F 4
/Y

b/
Er

(2
0:
1)

te
tr
ag
on
al

co
re

on
ly

28
98
0

12
7

0.
11

ol
ea
te

cy
cl
oh
ex
an
e

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

36

N
aY
F 4
/Y

b/
Er

(3
3:
5)

he
xa
go
na
l

co
re

on
ly

∼
24

98
0

63
po
w
er

de
n-

si
ty

va
rie
d

fr
om ∼
1
to

∼
63

0.
07

±
0.
01

ol
ea
te

ch
lo
ro
fo
rm

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

14

N
aY
F 4
/Y

b/
Er

(2
0:
2)

he
xa
go
na
l

co
re

on
ly

22
.7

97
6

15
0
po
w
er

de
n-

si
ty

va
rie
d

fr
om

10
to

10
00

∼
0.
4

am
ph
ip
hi
lic

co
at
in
g

w
/o
le
at
e

an
d
D
SP

E

de
ut
er
iu
m

ox
id
e

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

3

N
aY
F 4
/Y

b/
Er

(2
0:
2)

he
xa
go
na
l

co
re

on
ly

22
.7

97
6

15
0
po
w
er

de
n-

si
ty

va
rie
d

fr
om

10
to

10
00

∼
0.
35

B
F 4

−
di
m
et
hy
lfo
rm

am
id
e

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

3

N
aY
F 4
/Y

b/
Er

(2
0:
2)

he
xa
go
na
l

co
re

on
ly

22
.7

97
6

15
0

∼
0.
35

ol
ea
te

cy
cl
oh
ex
an
e

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

8

ACS Nano Perspective

DOI: 10.1021/acsnano.7b07120
ACS Nano XXXX, XXX, XXX−XXX

C

http://dx.doi.org/10.1021/acsnano.7b07120


T
ab
le

1.
co
nt
in
ue
d

m
at
er
ia
l
co
m
po
si
tio

n
an
d
do
pi
ng

co
nc
en
tr
at
io
ns

(m
ol

%
)

cr
ys
ta
l

ph
as
e

na
no
pa
rt
ic
le
ty
pe

na
no
pa
rt
ic
le
si
ze

(n
m
)

w
av
el
en
gt
h

(n
m
)

po
w
er

de
ns
ity

(W
cm

−
2 )

qu
an
tu
m

yi
el
d
(%

)
su
rf
ac
e
lig
an
d

di
sp
er
si
on

m
ed
iu
m

m
et
ho
d
us
ed

fo
r
qu
an
tu
m

yi
el
d

m
ea
su
re
m
en
t

re
f

N
aY
F 4
/Y

b/
Er

(2
0:
2)

he
xa
go
na
l

co
re

on
ly

22
.7

97
6

15
0
po
w
er

de
n-

si
ty

va
rie
d

fr
om

6
to

16
00

∼
0.
1

am
ph
ip
hi
lic

co
at
in
g
w
/

ol
ea
te

an
d

D
SP

E

w
at
er

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

37

N
aY
F 4
/Y

b/
Er

(2
0:
2)

he
xa
go
na
l

co
re

on
ly

22
.7

97
6

15
0
po
w
er

de
n-

si
ty

va
rie
d

fr
om

10
to

10
00

∼
0.
1

ci
tr
at
e

w
at
er

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

3

N
aY
F 4
/Y

b/
Er

(2
0:
2)

he
xa
go
na
l

co
re

on
ly

8−
10

98
0

15
0

0.
00
5
±

0.
00
5

ol
ea
te

he
xa
ne

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

33

N
aY
F 4
/Y

b/
Er

(2
:2
0)

he
xa
go
na
l

co
re

on
ly

8
97
6

10
0

1.
5
×
10

−
2

ol
ea
te

he
xa
ne

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

4

N
aY
F 4
/Y

b/
Er

(2
0:
2)

he
xa
go
na
l

co
re

on
ly

8
97
6

10
0

1.
1
×
10

−
2

ol
ea
te

he
xa
ne

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

4

N
aY
F 4
/Y

b/
Er
/G

d
(2
0:
2:
25
)

he
xa
go
na
l

co
re

on
ly

8
97
6

10
0

6.
3
×
10

−
4

ol
ea
te

he
xa
ne

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

4

N
aL
uF

4:
G
d/
Y
b/
T
m

(2
4:
20
:1
)

he
xa
go
na
l

co
re

on
ly

7.
8

98
0

17
.5

0.
47

±
0.
06

n/
a

n/
a

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

38

N
aY
F 4
/Y

b/
Er

(2
0:
2)

he
xa
go
na
l

co
re

on
ly

5.
4

98
0

10
3

0.
00
22

±
0.
00
01

ol
ea
te

he
xa
ne

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

6

N
aG

dF
4/
Y
b/
Er

(2
0:
2)

he
xa
go
na
l

co
re

on
ly

5
98
0

10
0

0.
02

±
0.
08

ol
ea
te

cy
cl
oh
ex
an
e

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

39

N
aY
F 4
/Y

b/
Er

(0
:2
0)

he
xa
go
na
l

co
re

on
ly

5
97
6

10
0

1.
2
×
10

−
2

ol
ea
te

he
xa
ne

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

4

N
aY
F 4
/Y

b/
Er

(2
0:
2)

he
xa
go
na
l

co
re

on
ly

5
97
6

10
0

2.
2
×
10

−
3

ol
ea
te

he
xa
ne

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

4

N
aY
F 4
/Y

b/
Er
/G

d
(2
0:
2:
25
)

he
xa
go
na
l

co
re

on
ly

5
97
6

10
0

7.
2
×
10

−
4

ol
ea
te

he
xa
ne

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

4

N
aY
bF

4/
T
m
@
N
aY
F 4
/N

d
0.
5
fo
r
T
m
;
30

fo
r
N
d

he
xa
go
na
l

co
re
−
sh
el
l
w
ith

IR
-8
08

dy
e
se
n-

si
tiz
er

(8
30

dy
es

pe
r
na
no
pa
rt
ic
le
)

51
∼
80
0

10
po
w
er

de
n-

si
ty

va
rie
d

fr
om ∼
1
to

∼
14

∼
4.
8

IR
-8
08

dy
e

di
m
et
hy
lfo
rm

am
id
e

re
la
tiv
e;

re
fe
re
nc
ed

to
in
do
cy
an
in
e

gr
ee
n
in

D
M
SO

w
ith

qu
an
tu
m

yi
el
d
of

12
%

13

co
re
:
33

sh
el
l:
18

Li
Lu

F 4
/Y

b/
T
m
@
Li
Lu

F 4
(2
0:
0.
5)

te
tr
ag
on
al

co
re
−
sh
el
l

50
98
0

12
7

7.
6

ol
ea
te

cy
cl
oh
ex
an
e

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

36

co
re
:
28

sh
el
l:
22

Li
Lu

F 4
/Y

b/
Er
@
Li
Lu

F 4
(2
0:
1)

te
tr
ag
on
al

co
re
−
sh
el
l

50
98
0

12
7

5.
0

ol
ea
te

cy
cl
oh
ex
an
e

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

36

co
re
:
28

sh
el
l:
22

N
aY
F 4
/Y

b/
Er
@
N
aL
uF

4
(3
3:
5)

he
xa
go
na
l

co
re
−
sh
el
l

∼
50

98
0

63
po
w
er

de
n-

si
ty

va
rie
d

fr
om ∼
1
to

∼
63

4
±

0.
5

ol
ea
te

ch
lo
ro
fo
rm

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

14

co
re
:
∼
24

sh
el
l:
∼
13

Li
Lu

F 4
/Y

b/
T
m
@
Li
Lu

F 4
(2
0:
0.
5)

te
tr
ag
on
al

co
re
−
sh
el
l

40
98
0

12
7

6.
7

ol
ea
te

cy
cl
oh
ex
an
e

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

36

co
re
:
28

sh
el
l:
12

Li
Lu

F 4
/Y

b/
Er
@
Li
Lu

F 4
(2
0:
1)

te
tr
ag
on
al

co
re
−
sh
el
l

40
98
0

12
7

3.
6

ol
ea
te

cy
cl
oh
ex
an
e

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

36

co
re
:
28

sh
el
l:
12

N
aY
F 4
/Y

b/
T
m
@
N
aY
F 4

(2
0:
0.
3)

he
xa
go
na
l

co
re
−
sh
el
l

43
97
5

78
po
w
er

de
n-

si
ty

va
rie
d

fr
om

0.
02
7
to

80

3.
5
(U

C
em

is
si
on

ba
nd

at
80
0
nm

)
ol
ea
te

he
xa
ne

re
la
tiv
e;

sy
st
em

em
pl
oy
ed

st
an
da
rd

flu
or
op
ho
re
s
ca
lib
ra
te
d
us
in
g
th
e

in
te
gr
at
in
g-
sp
he
re

ba
se
d
H
am

a-
m
at
su

C
99
20

qu
an
tu
m

yi
el
d

m
ea
su
re
m
en
t
sy
st
em

40

co
re
:
31

sh
el
l:
12

N
aY
F 4
/Y

b/
T
m
@
N
aY
F 4

(2
0:
0.
3)

he
xa
go
na
l

co
re
−
sh
el
l

43
97
5

1.
3
po
w
er

de
n-

si
ty

va
rie
d

fr
om

0.
02
7
to

20

1.
2
(U

C
em

is
si
on

ba
nd

at
80
0
nm

)
ol
ea
te

he
xa
ne

re
la
tiv
e;

sy
st
em

em
pl
oy
ed

st
an
da
rd

flu
or
op
ho
re
s
ca
lib
ra
te
d
us
in
g
th
e

in
te
gr
at
in
g-
sp
he
re

ba
se
d
H
am

a-
m
at
su

C
99
20

qu
an
tu
m

yi
el
d

m
ea
su
re
m
en
t
sy
st
em

35

co
re
:
33

sh
el
l:
10

ACS Nano Perspective

DOI: 10.1021/acsnano.7b07120
ACS Nano XXXX, XXX, XXX−XXX

D

http://dx.doi.org/10.1021/acsnano.7b07120


UCNPs affects the upconversion luminescence quantum yield
(QYUC). The shell thickness around ∼24 nm core β-
NaYF4(Yb/Er) UCNPs was systematically increased in 10
steps from ∼0.3 to ∼13 nm. The QYUC of core only UCNPs
could be improved from ∼0.07 to ∼4% for core−shell UCNPs
with a shell thickness of ∼13 nm (excitation power density of
63 W/cm2 at 980 nm). This study further showed that QYUC
did not change significantly for core−shell UCNPs once the
shell thickness was >4 nm.14

While core−shell architectures are an elegant way to increase
upconversion luminescence efficiency, this strategy might limit
the use of UCNPs for Förster resonance energy transfer
(FRET)-based applications. The thickness of the passivation
shell has to be optimized to reach a compromise between
upconversion luminescence enhancement and donor−acceptor
distance-dependent FRET efficiency, as shown in a study by
Hirsch and co-workers.15 A different but remarkable strategy to
improve upconversion luminescence intensity was reported by
Li et al. in this issue of ACS Nano.16 Here, a living yeast cell was
optically trapped by a fiber probe to focus the 980 nm laser
excitation light. The yeast cell was used as a biomicrolens to
generate a photonic nanojet for the excitation of ∼28 nm β-
NaYF4(Yb/Tm)@Silica core−shell UCNPs. Authors reported
an enhancement of upconversion luminescence intensity of
approximately 2 orders of magnitude when using the yeast cell
biomicrolens approach for excitation (Figure 2b−e).

The examples by the groups of Alivisatos and Li show that
upconversion luminescence can be enhanced by different
strategies, including (i) material design, (ii) engineering of the
excitation source, or (iii) a combination of both parameters. In
addition, the work by Li et al. emphasizes that low
upconversion luminescence efficiencies and QYUC can be
limiting factors and potentially exclusion criteria for certain
applications of UCNPs.16 Hence, there is a clear need for the
research community to find innovative methods for upconver-
sion luminescence enhancement and brighter UCNPs. It is
worth mentioning that, for some applications, absolute signal
intensities and luminescence efficiencies are less important than
signal-to-noise ratio. Because NIR light is used for the
excitation of UCNPs, the minimal autofluorescence background
can provide an attractive signal-to-noise ratio. Consequently,
detection limits of UCNP emission light may be orders of
magnitude better than those achieved with ultraviolet-excitable
quantum dots. In addition to the enhancement of upconversion
luminescence efficiency (that is, QYUC), the brightness of
UCNPs can be further enhanced by increasing their molar
attenuation coefficient (or absorption cross section) at the
excitation wavelength. The brightness (B) of UCNPs is defined
by eq 2:

ε λ=B P( )QY ( )UC ex UC (2)

where ε(λex) is the molar attenuation coefficient at the
excitation wavelength and QYUC(P) is the P-dependent
upconversion luminescence quantum yield.17 Increasing theT

ab
le

1.
co
nt
in
ue
d

m
at
er
ia
l
co
m
po
si
tio

n
an
d
do
pi
ng

co
nc
en
tr
at
io
ns

(m
ol

%
)

cr
ys
ta
l

ph
as
e

na
no
pa
rt
ic
le
ty
pe

na
no
pa
rt
ic
le
si
ze

(n
m
)

w
av
el
en
gt
h

(n
m
)

po
w
er

de
ns
ity

(W
cm

−
2 )

qu
an
tu
m

yi
el
d
(%

)
su
rf
ac
e
lig
an
d

di
sp
er
si
on

m
ed
iu
m

m
et
ho
d
us
ed

fo
r
qu
an
tu
m

yi
el
d

m
ea
su
re
m
en
t

re
f

N
aY
F 4
/Y

b/
Er
@
N
aY
F 4

(2
0:
2)

he
xa
go
na
l

co
re
−
sh
el
l

30
98
0

15
0

0.
30

±
0.
10

ol
ea
te

he
xa
ne

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

33

co
re
:
20

sh
el
l:
10

N
aY
bF

4/
T
m
@
C
aF

2
0.
5
fo
r
T
m

cu
bi
c

co
re
−
sh
el
l

27
97
5

0.
3

0.
6
±

0.
1

ol
ea
te

he
xa
ne

re
la
tiv
e;

re
fe
re
nc
ed

to
st
an
da
rd
:

IR
-2
6
dy
e
di
ss
ol
ve
d
in

1,
2-
di
ch
lo
ro
et
ha
ne
,w

ith
a
kn
ow

n
Q
Y
of

0.
05
%

41

co
re
:
20

sh
el
l:
7

N
aG

dF
4/
Y
b/
Er
@
N
aY
F 4

(2
0:
2)

he
xa
go
na
l

co
re
−
sh
el
l

17
98
0

10
0

0.
51

±
0.
08

ol
ea
te

cy
cl
oh
ex
an
e

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

39

co
re
:
5

sh
el
l:
12

N
aY
F 4
/Y

b/
Er
@
N
aY
F 4

(2
0:
2)

he
xa
go
na
l

co
re
−
sh
el
l

11
97
6

10
0

0.
49

ol
ea
te

he
xa
ne

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

4

co
re
:
8

sh
el
l:
3

N
aY
F 4
/Y

b/
Er
@
N
aY
F 4

(2
0:
2)

he
xa
go
na
l

co
re
−
sh
el
l

9
98
0

10
3

0.
18

±
0.
01

ol
ea
te

he
xa
ne

ab
so
lu
te
;
in
te
gr
at
in
g
sp
he
re

se
tu
p

6

co
re
:
5.
4

sh
el
l:
3.
6

a
A
bb
re
vi
at
io
ns
:
D
SP

E,
1,
2-
di
st
ea
ro
yl
-s
n-
gl
yc
er
o-
3-
ph
os
ph
oe
th
an
ol
am

in
e-
N
-[
m
et
ho
xy
-(
po
ly
et
hy
le
ne

gl
yc
ol
)-
20
00
]
(a
m
m
on
iu
m

sa
lt)
;
D
M
SO

,d
im
et
hy
ls
ul
fo
xi
de
.

A remarkable strategy to improve
upconversion luminescence intensity
was reported by Li et al. in this issue of
ACS Nano.
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values of ε(λex) or QYUC(P) (or both photophysical
parameters) can boost the brightness of UCNPs.11

Engineering Colloidal Stability and Excitation Wave-
length of Upconverting Nanoparticles. The majority of
biological applications of colloidal UCNPs requires aqueous
buffer systems. This can create problems for the use of UCNPs
from two different aspects. First, the synthesis of high-quality
colloidal UCNPs is typically carried out in organic solvents with
relatively high boiling points (e.g., mixtures of 1-octadecene and
oleic acid). Through the adsorption of hydrophobic organic

molecules onto the nanoparticle surface during synthesis,
UCNPs are only dispersible in nonpolar solvents. Thus, surface
modification strategies are required to render UCNPs hydro-
philic and colloidally stable in water and buffer systems.18

Although systematic studies have been performed in recent
years to address this challenge, there is still a need to develop
simple and robust ligand exchange and amphiphilic coating
procedures to increase colloidal stability of UCNPs in aqueous
buffer systems, such as phosphate buffered media.8,19,20 Because
QYUC and brightness (BUC) of UCNPs are typically low,

Table 2. Examples of Key Parameters That Affect Upconversion Luminescence Efficiency of Upconverting Nanoparticles

category parameter

nanoparticle nanoparticle diameter
(i) surface area to volume ratio increases with decreasing nanoparticle diameter (d); 6d−1

(ii) as the nanoparticle diameter decreases, an increasing number of ions are located at the particle surface
(iii) higher chances for reduction of upconversion luminescence by surface quenching effects

crystal host material and crystal phase
(i) long lifetimes of excited electronic states are favorable and a prerequisite for sequential absorption of low-energy photons
(ii) fluoride-based host materials (e.g., NaYF4) exhibit relatively low phonon energies (∼350 cm−1), beneficial for providing long
lifetimes of excited electronic states
(iii) hexagonal crystal phase of NaYF4 provides higher upconversion luminescence efficiency than cubic phase
(iv) crystal lattice impurities and defects may increase nonradiative multiphonon relaxation rates

lanthanide ion dopants
(i) number of dopant ions determines their inter-ion distance
(ii) increased changes for cross relaxation processes resulting in luminescence quenching with increasing dopant concentrations
(iii) light-harvesting ability of lanthanide ions is limited due to low molar extinction coefficients, for example,
ε(Yb3+)980 nm = ∼10 M−1 cm−1

surface
chemistry

surface ligands and coatings with high-energy vibrational modes that match energy differences between numerous energy levels of lanthanide
dopant ions, including

(i) O−H (∼3200−3700 cm−1)
(ii) N−H (∼3300−3500 cm−1)
(iii) C−H (∼2800−2950 cm−1)

dispersion
medium

dispersion media with high-energy vibrational modes, including O−H, N−H, C−H
dispersion media with high extinction coefficients at the upconversion luminescence excitation wavelength, for example, H2O (absorption
coefficient at 980 nm = ∼0.485 cm−1)

Figure 2. Strategies for enhancing upconversion luminescence of upconverting nanoparticles (UCNPs). (a) Schematic overview of main
strategies for enhancing upconversion luminescence of lanthanide-doped UCNPs. These strategies may be combined to achieve synergistic
upconversion luminescence enhancement. (b−e) Use of a biomicrolens to enhance upconversion luminescence. (b1−d1) Optical
micrographs of single (b1) Escherichia coli, (c1) Staphylococcus aureus, and (d1) S. aureus and E. coli labeled with 28 nm NaYF4(Yb

3+/Tm3+)@
silica core−shell UCNPs optically trapped by an optical fiber probe without and with (b2−d2) a 2 μm yeast cell biomicrolens. (e)
Corresponding upconversion luminescence spectra. Adapted with permission from refs 10 and 16. Copyrights 2014 John Wiley and Sons and
2017 American Chemical Society, respectively.
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relatively high nanoparticle concentrations are required to
achieve reasonable signal readouts, for example, in bioanalytical
assays.21 Therefore, surface modifications are needed that (i)
enable colloidal stability at high nanoparticle concentrations
and (ii) exhibit chemical functional groups for further
modification and bioconjugation.
Second, the typical excitation wavelength for UCNPs based

on Yb3+/Er3+ (or Tm3+) sensitizer/activator ion systems is 980
nm. This wavelength matches the energy difference between
Yb3+ sensitizer ion’s 2F7/2 and 2F5/2 electronic states (Figure
1c,d). However, the excitation wavelength of UCNPs overlaps
with the local absorption maximum of water located at ∼980
nm (absorption coefficient of ∼0.485 cm−1; Figure 3a). The
consequence is that excitation of colloidal UCNPs in water can
cause severe overheating. The increase in temperature upon
excitation with 980 nm laser light may be problematic for in
vitro tissue culture as well as in vivo bioanalytical and biomedical
applications.22 Strategies have been developed in the last 5
years to shift the excitation wavelength for UCNPs from 980
nm to approximately 800 nm, where the absorption of water is
significantly reduced (Figure 3a). The first strategy is to coat
the UCNP surface with organic dyes, such as IR-806. This dye
absorbs NIR light broadly with an absorption maximum at
∼806 nm and enables subsequent energy transfer to Yb3+

sensitizer ions of β-NaYF4(Yb/Er) UCNPs to excite
upconversion luminescence (Figure 3b). Hummelen and co-
workers showed that this approach enables a shift in the
excitation wavelength to the more favorable 800 nm range; they
also reported that the integrated upconversion luminescence
intensity could be increased by a factor of ∼3300 using IR-806
dye-modified UCNPs in comparison to unmodified UCNPs.23

Shortcomings of these dye-modified UCNP systems include (i)
limited photostability of NIR organic dyes and (ii) the need for
additional phase transfer and surface modification steps to
make them dispersible in water and aqueous buffers. A second
strategy to shift the excitation wavelength of UCNPs to the 800
nm range exploits the use of Nd3+ ions as cosensitizers for
Yb3+/Er3+ (or Tm3+)-doped UCNPs (Figure 3c).24,25

Neodymium(III) ions absorb laser excitation light with a
wavelength of ∼808 nm and can sequentially transfer the
excitation energy to Yb3+ sensitizer ions through energy transfer
mechanisms. This cascade sensitization process requires
sophisticated core−shell and core−multishell architectures to
enhance upconversion luminescence efficiency by spatially
separating Nd3+ sensitizer and Er3+/Tm3+ activator ions. Dye
sensitization can be combined with Nd3+ sensitization as

recently demonstrated by Prasad and co-workers.13,26 These
strategies not only shift the excitation wavelength to a more
favorable spectral region but also increase the brightness of
UCNPs by improving ε(λex) and/or QYUC(P). These enhance-
ments open new opportunities for the use of UCNPs in a
variety of applications, including bioimaging, photovoltaics, and
multicolor display technologies.

PERSPECTIVES AND OUTLOOK
The field of upconversion luminescence research continues to
grow. Nanotechnology contributed significantly to growth and
development in this field with increasing focus on synthesis,
characterization, and application of UCNPs. The interest in
UCNP research reflects the potential that nanotechnology
offers for the field of upconversion luminescence.
With the advances in material synthesis in the early and mid-

2000s, it was possible to fabricate high quality and
monodisperse UCNPs through bottom-up synthesis proce-
dures. This development opened up new possibilities for
applications of UCNPs in the bioanalytical and biomedical
fields. The concept of minimizing autofluorescence background
with UCNP-based labels and probes upon NIR light excitation
seemed intriguing at the academic stage and has fueled research
in this field. The goal for the next ten years can be summarized
by a single key word: translation. Research on UCNPs has to
demonstrate that it can evolve from the academic setting into
real world products and applications. To help advance this
progress, a strategic plan is proposed in Figure 4. Iterative
processes between basic studies and application and develop-
ment stages will be necessary with clearly defined objectives
and aims. Synthesis and surface modification of UCNPs are at
the very core of this process. The quality of UCNPs has to be
thoroughly characterized by measuring physicochemical as well
as photophysical properties. Here, standardized protocols and
reference materials are needed to enable comparisons of results
between research groups worldwide. The comparison of results
in particular for photophysical characteristics of UCNPs is
currently extremely challenging as evidenced by data shown in
Table 1. For example, as discussed earlier, the QYUC of UCNPs
is dependent on the laser excitation power density. As shown in
Table 1, there is currently no consensus in the community as to
how to measure QYUC (e.g., absolute versus relative measure-
ments; measurements at a single excitation power density versus
measurement over the entire range of excitation power
densities to determine saturation effects). Standardized
protocols and reference materials are of great importance to

Figure 3. Strategies for engineering the excitation wavelength of upconverting nanoparticles (UCNPs). (a) Absorption spectra of major light
absorbers in biological tissue, i.e., hemoglobin and water. Absorption of water at 800 nm is significantly reduced in comparison to 980 nm.
(b,c) Schematics highlighting strategies to shift the excitation wavelength from 980 to 800 nm with (b) near-infrared (NIR) dye IR-806
sensitized upconversion and (c) Nd3+ sensitized upconversion. Adapted with permission from refs 25 and 30. Copyrights 2016 John Wiley and
Sons and 2010 Nature Publishing Group, respectively.

ACS Nano Perspective

DOI: 10.1021/acsnano.7b07120
ACS Nano XXXX, XXX, XXX−XXX

G

http://dx.doi.org/10.1021/acsnano.7b07120


build a foundation in the field by enabling the direct
comparison of results. Beyond that, the development of
commercial instrumentation is crucial for the successful
translation of UCNPs into real-world applications. Instruments
that are currently being used in UCNP research are mostly
custom built because UCNPs require specialized excitation
sources, such as continuous wave laser diodes, which are
typically not available with commercial instruments. However,
custom-built instruments are oftentimes not well characterized,
for example in terms of laser excitation power density or laser
beam profile, adding another layer of complexity when trying to
compare results from different research groups. The develop-
ment of commercial instrumentation (e.g., spectrometers and
microscopes) is a critical step and will be of great value to
overcome challenges that the field is currently facing in terms of
reproducibility and robustness of results. The interplay between
synthesis, characterization, and development of standardized
protocols, reference materials, and commercial instrumentation
for UCNPs is a key feature to ensure translation.
Translation of UCNPs will be facilitated by the tremendous

engineering flexibility that these types of nanomaterials offer. In
bioanalytical and biomedical fields, the shift of the excitation
wavelength to 800 nm was an important step to reduce
overheating effects caused by the relatively strong absorption of
water at 980 nm. This shift was achieved through advances in
surface modification procedures and synthesis protocols that
enabled precise control of multishell epitaxial nanocrystal
architectures. The ability to fabricate multishell UCNP
nanosystems opens the way for multimodal imaging probes
and theranostic agents, for example, a combination of optical
upconversion luminescence, magnetic resonance imaging
(MRI), computed tomography (CT), positron emission
tomography (PET), and photothermal and photodynamic

therapy (PTT and PDT) within one single entity. In particular,
the use of UCNPs for imaging and microscopy applications is
highly promising. Jin and co-workers recently demonstrated
that UCNPs can be used as labels in upconversion
luminescence super-resolution nanoscopy. Using low-power
super-resolution stimulated emission depletion (STED) mi-
croscopy, a resolution of 28 nm could be achieved upon 980
nm Gaussian laser excitation and 808 nm doughnut laser
depletion of highly Tm3+ lanthanide ion doped NaYF4(Yb/
Tm) UCNPs.27 Variations of lanthanide ion doping concen-
trations provides the additional benefit of tuning luminescence
lifetimes of UCNPs to generate temporal-domain-based
barcoding and encryption. Luminescence lifetime tuning can
be exploited for bioanalytical and clinical multiplex assays as
well as display technology and security applications.28 In regard
to the application of UCNPs for in vivo diagnostics and
therapeutics, systematic fundamental research is needed to
elucidate toxicological aspects of UCNPs.29 Toxicological and
immunological effects of UCNPs need to be assessed and
pathways that will allow excretion and elimination of UCNPs
from the body need to be explored. These investigations
require collaboration of researchers from various disciplines,
including chemistry, engineering, medicine, and biology.
Upconverting nanoparticle research is a multidisciplinary

field that requires discussion, collaboration, and integration
from academia as well as industry at the international level to
help translate this technology into real-world applications. A
great way to achieve this integration has been initiated by the
European Cooperation in Science and Technology (COST)
Action CM1403 through the European Upconversion Net-
work: From the Design of Photon-Upconverting Nanomaterials
to Biomedical Applications. This network sets a foundation for
the coordination of basic and applied research to help advance

Figure 4. Proposal for a 10 year strategic plan of upconverting nanoparticle (UCNP) research. To further advance progress in the field of
UCNP research, fundamental and applied studies are needed that address synthesis, surface modification, and characterization. Such studies
might lead to the fabrication of reference materials and a definition of standardized protocols that would enable comparison of results from
laboratories worldwide. With the development of commercially available instrumentation, this strategic plan might help facilitate the ultimate
goal of UCNP research, that is, translation of UCNPs from the academic stage to a broad variety of real-world applications (e.g., display
technology, photovoltaic devices, sensors, biomedical diagnosis, and therapy). UCNP, upconverting nanoparticle; UCL, upconversion
luminescence; Ln, lanthanide; NIR, near-infrared; 3D, three-dimensional; MRI, magnetic resonance imaging; CT, computed tomography;
PET, positron emission tomography; PTT, photothermal therapy; PDT, photodynamic therapy.
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UCNP technology toward translation. This initiative and the
growing number of symposia and conferences that focus on
UCNP research are important contributions for fostering
collaborations and discussions in the field. Ultimately, a
strategic plan as proposed in this Perspective combined with
concerted efforts from researchers and industry partners
worldwide may provide the rational groundwork for the
translation of UCNPs from the academic stage into real-
world products and applications.
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